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A  STUDY  OF  WESTERLY  WIND  BURSTS  PRECEDING  THE  1991-1992  EL  NINO 


1  INTRODUCTION 

Pnrluqps  no  other  fdienomenoa  that  oocuis  in  the  atmosphere/ocean  system  has  as  far-readiing  an 
inqiKt  as  the  El  Nifio-Soudian  Oscillation  (ENSO).  The  warm  cycle  of  the  ENSO  manifests  itself  not 
only  in  chaitges  to  the  sea  surface  tempmatnie  and  pr^pitation  pattons  in  the  tropical  Pacific  (Rasmusson 
and  Oupenta,  1982X  but  it  also  has  been  connect^  to  anomalous  weather  patterns  worldwide,  including 
floods  in  the  southern  United  States,  drou^ts  in  Australia,  Indonesia,  and  southeaston  Afiica 
(Ropelewski  and  Iblpert,  1987),  disruption  of  the  bdian  monsoon,  decreases  in  Atlantic  hurricane  activity 
(Gray,  1964),  and  fewer  Soudi  Pacific  Qrphoons  (Solow  and  NichoIIs,  1990).  Notable  changes  also  have 
been  obsoved  in  fish  and  bird  pt^unlations  in  mu<±  of  die  easton  Pac^c  (Barbn  and  Chav^  1983).  As 
sw^  ENSO  has  captured  die  attmtian  of  scientists  across  a  broad  range  of  disciplines,  induding  marine 
biotogists,  (diyaical  and  dynamical  ooeanogrqihers,  climatologists,  atmo^heric  and  oceanographic 
modelets,  and  synoptic  meteorologists.  Each  of  diese  groups  contributes  unique  pieces  to  the  ENSO 
puzzle,  as  die  sdentific  community  attenqits  to  construct  a  cohesive  explanation  of  this  phenomencm. 

Both  the  historical  and  current  states  of  knowle^e  rdated  to  ENSO  have  been  recently  compiled 
by  Philander  (1990).  While  it  is  wdl  acoqited  that  ENSO  involves  complex  interactions  between  the 
ocean  and  die  atmo^here,  ^  exactnatuieof  those  interactions  is  stfll  in  question.  Clearly,  the  tropical 
ocean  reqionds  very  nqddly  to  changes  in  atmospheric  wind  forcing,  vriifle  the  atmosphere  responds  to 
thanges  in  tte  sea  aurfime  temperature  pattnn.  But  the  mechanians  that  produce  the  apparent  switdi 
between  die  cold  and  warm  cycks  of  die  Southon  Oscillation  (SO)  and  Ae  quasi-periodidty  of  these 
evenla  are  not  wdl  understood  and  are  still  bdng  discussed  (see,  for  exanqiie,  Graham  and  White,  1988; 
Ikamnoto  and  Yamagata,  1991;  Wakata  and  Saraefaik,  1991;  Gray  et  al.,  1992). 

Mudi  oi  the  recent  attmtion  has  focused  on  anomalous  westerly  wind  evoits  in  the  western  eqnatmial 
Pacific.  Tliese  highly  «ierg^c,  short-lived  events,  often  called  westerly  wind  bursts,  can  trigger 
eq^mtocidly  tnqiped  ocean  Kelvin  waves  that  transverse  the  Pacific  Ocean  to  the  coast  of  South  America. 
Ileae  downw^hig  waves  inhibit  die  upwelling  of  colder,  deepa  water  such  as  dial  normally  observed 
oB  fte  coast  of  Soudi  America,  and  thus  may  be  responsible  in  part  for  the  dramatic  changes  in 
sea  lUfflwe  temperature  (SSI)  and  sea-surCaoe  height  (SSH)  diat  are  observed  in  the  easton  and  central 
Fbcffic  dntii^  die  El  h^o.  Westerly  wind  bursts  may  alro  gmerate  anomalous  easterly  currents  diat 
advect  warm  suifMe  waters,  pooled  indie  western  Pidfieby  die  prevailing  easterly  trade  winds,  eastward. 
Tleea  hypotteses  have  reedved  siqiport  fiom  bodi  observational  and  modeling  studies  (MePhaden  et  al., 
1968;  Gieae  and  Baniaon,  1990). 

Hofwever,  dwre  are  tyfdcally  very  few  actual  observations  made  in  the  tropics,  where  ENSO  manifests 
ilsdt  U  is  firir  to  say  diat  peihi^  no  odier  idiaiomenon  has  been  studied  more  with  less  data.  Much  of 
what  has  been  learnt  has  been  detenained  dther  firmn  model  simulations  of  the  ocean  and  atmosphere 
(hfoOreary  and  Anderson,  1991),  statistical  descriptioos  of  the  mean  anomalous  patterns  (Rasmusson  and 
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C^ipenter,  1982),  or  studies  from  time  series  at  isolated  data  points  (Luther  et  al.,  1983;  Morrissey,  199(^ 
Chu  et  aL,  1991;  Harrison  and  Giese,  1991).  Coupled  ocean/atmosphoe  model  simulations  have  been 
successful  in  isolating  low-frequacy  oscillations  that  may  be  associated  with  ENSO.  But  the  atmosphoric 
models  used  in  most  modeling  studies  are  purposefully  oversimplified,  and  thus  they  carmot  simulate  the 
iir^nct  of  higher  frequency  forcing  medunisms  that  may  play  an  impmtant  role  in  the  inegular  nature 
of  the  oscillation  (Philander,  1990).  Statistical  studies  suffer  from  the  same  limitation,  in  that  the 
hi^-frequmicy  events  can  be  disguised,  damped,  or  eliminated  by  the  averaging  process.  Finally,  while 
time  series  of  ship  and  island  wind  r^rts  may  help  determine  the  strength,  frequency,  and  duration  of 
the  westerly  bursts,  they  provide  only  limited  information  about  the  spatial  octoit  of  Ae  events. 

Unfortunately,  given  the  lack  of  observational  data  in  the  tropical  Pacific,  regular  detection  of  the 
anomalous  wMterly  wind  events  is  difficult  Aldioogh  recently  dq>loyed  buoys  in  the  equatorial  Pacific 
have  provided  a  new  source  of  additional  observathms,  it  still  will  te  difficult  to  produce  a  oohnoit  image 
of  a  westerly  wind  burst  from  fids  limited  data  set  (hbngnm  et  al.,  1992).  Under  sudr  drcumstances,  die 
best  tool  fm  oMaining  a  realistic  rqmsentatkm  of  the  atmo^here  is  a  four-dimensional  global  data 
Msimilatiftn  system,  which  continually  updates  a  reasonably  accurate  short-term  model  forecast  using 
newly  obtain^  data  to  produce  meteorological  fields  that  are  consistort  with  known  dynamical  and 
physical  relationships.  Ihe  model  forecast  carries  forward  infcnmatimi  from  past  observations,  while  the 
analysis  blends  this  information  widi  data  from  new  obsovadons.  The  range  of  influmce  for  a  particular 
obsmvatkm  within  this  oivironment  is  controlled  by  a  set  of  mathematical  relationships. 

In  this  study,  we  use  an  q)etadonal  global  atmospheric  data  assimilation  system,  coupled  to  a  global 
ocean  data  assimilation  systan,  to  look  at  die  synoptic^cale  atmoqiheric  evaits  that  may  affect  die 
evolution  of  die  trt^cal  ocean.  Bodi  analysisffmecast  systems  make  use  of  all  the  available  oceanognqihic 
and  atmoqriieric  data  in  real-time.  While  the  tropics  is  one  of  die  most  difficult  areas  to  modd 
successfully,  improvements  continue  to  be  made  due  to  increased  resoluticm,  improved  physical 
pnametaizatioiis,  new  data  analysis  tediniques,  and  bdter  data  quality  controL  The  U.  S.  Navy’s  research 
and  devdopment  efforts  in  suppmt  of  the  Joint  Typhoon  Warning  Oenter  (JTWQ  in  Guam  have  resulted 
in  an  opoationd  globd  atmospheric  data  assimilation  and  jarediction  systm  that  is  particularly  active  in 
the  tropics.  Ihe  last  few  years,  this  system  has  been  accurately  andyzing  and  forecasting  westerly  wind 
bursts  associated  with  tropicd  circulations  in  the  western  Pacific.  From  the  model  output,  we  can  observe 
die  inogression  of  these  evoits  over  time  and  determine  the  spatid  scdes  assodated  with  each  burst 

Ihis  rqxvt  concentrates  on  the  westerly  wind  events  diat  occurred  in  die  western  tropicd  Padfic  from 
tte  fall  of  1990  durongh  the  winter  season  of  1991>19St2  (die  period  leading  up  to  the  most  recent  El 
Nifio),  while  a  foUow-tm  study  (IQndle  and  Phodius,  19SM)  focuses  on  the  ocean  re^ioase  to  that  wind 
fotdng.  We  are  particularly  interested  in  die  asaodation  between  westeriy  wind  bursts  and  trended 
cydrmes.  Several  studies  have  noted  that  strong  westerly  winds  along  the  equator  are  associated  with  die 
(kvdopment  of  trqiical  cydone  couplets  in  the  western  Pacific  (Keoi,  1982;  Ogura  and  Chin,  1987; 
liuida',  1989X  end  both  (1988)  and  Ramage  (1986)  have  pnqiosed  diat  these  storms  play  a  l»y  role 

in  the  onset  of  El  Niilo.  On  the  other  hand,  Harrbon  and  Giese  (1991)  found  only  a  40%  association 
between  westerly  wind  bursts  and  named  tropicd  strains  over  a  2S-year  period.  Their  study  was  limited, 
however,  in  that  only  isolated  observations  in  a  limited  area  were  utOized.  By  using  die  spatidly  coherent 
fidds  from  an  operdiond  data  udysia/forecast  model  system,  the  association  between  tropicd  cyclones 
and  west^y  wind  bursts  ram  be  studied  in  more  detdl. 

Since  die  target  audience  for  diis  rqmrt  includes  die  oceanographic  cranmunity,  we  first  Ascribe  die 
operationd  atmoqilieric  database  and  discuss  the  diaracteristics  of  Ae  observatirais  typicdly  availdile  in 
die  tropicd  Pacific  in  Section  2.  Section  3  describes  atmoqiheric  data  assimilation  tedmiques  and  provides 
background  information  on  the  various  cranponraits  and  relative  skUl  of  the  Navy  Operationd  Globd 
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AtiB08{dieric  Prediction  Systm  (NOGAPS).  Readers  who  are  already  fomiliar  with  these  topics  may  wish 
to  skip  to  Secdon  4,  isiiere  we  presort  the  most  notable  westerly  wi^  bursts  preceding  the  1991-19S)2  El 
Nifio  and  discuss  dieir  relationships  to  the  western  Pacific  tropical  cyclones.  While  we  do  not  propose 
to  fit  all  the  pieces  together,  in  Secti<m  S  we  attempt  to  put  these  events  into  perspective  and  relate  our 
resnlts  to  odrw  ENSO  research;  Section  6  summarizes  dre  study. 

2  IHE  GLOBAL  DATABASE 

Widi  a  few  excqrtions,  most  of  the  world’s  opoational  forecast  centers  have  access  to  the  same 
observadcmal  data.  Atmospheric  soundings  are  taken  by  rawinsondes,  pilot  balloons,  and  the  polar-orbiting 
satellites.  Single-l^el  measurements  of  the  upper  atmosph^e  are  available  from  aircraft  and  the 
geostationary  satellites,  vriiile  the  marine  surface  layer  is  sampled  by  satellites,  ships,  moored  and  drifting 
buoys,  and  coastal  marine  stations. 

The  majority  of  the  conventkmal  observatitms  are  concmtrated  in  the  northern  mid-latitudes. 
Af^iroximately  90%  of  the  700  or  so  radiosomte  stations  ate  in  the  Northern  Hemisphere,  primarily  on 
the  amtineats.  The  pilot  balloon  stations  are  smaller  in  number  (100-200),  but  they  are  more  evenly 
distributed  between  the  hanis|dieres  and  neatly  half  of  tte  stations  are  in  the  tropics.  Moored  buoys  and 
coastal  marine  stations  are  predominantly  along  coastlines,  while  over  the  open  ocean,  aircraft  and  ship 
reports  are  clustered  along  the  maj(v  fli^t  padis  and  shying  lanes.  Drifting  buoys  are  still  too  few  in 
number  to  inovide  adequate  global  coverage  of  die  marine  surface  layer. 

Thus,  remotely  soised  data  can  be  an  important  supplement  to  the  convradonal  database.  Temperature 
soundings  ate  derived  from  radiance  measurements  made  by  four  polar-orbiting  satellites,  two  from  the 
fteional  Oceanographic  and  Atmospheric  Administration  (NOAA)  and  two  from  the  Defense 
Meteorological  Satellite  Program  (DMSP).  The  satellite  soundings  are  used  at  all  levds  over  the  oceans, 
but  because  thrir  accuracy  is  coosidenbly  less  dian  diat  of  die  rawinsondes,  satellite  sounding  data  are 
used  only  in  die  stratoqdm  over  land,  a  practice  commcm  to  most  all  the  operational  centers.  Howeva, 
die  U.  S.  Navy’s  Fleet  Numerical  Meteorology  and  Oceanography  Cmter  (FNMOC)  is  the  only  cmitn 
using  die  DMSP  soundings  in  addition  to  the  NOAA  soundings. 

Single-level  measurements  of  the  tappet  atmosphere  include  wind  reports  from  airaaft  (both 
automated  and  pilot  rqxxts)  and  clond-tradE^  wind  information  derived  from  the  geostationary  satellites 
of  die  United  States,  Europe,  and  Japan.  The  aircraft  data  are  concentrated  at  cruising  altitudes  (300-200 
tab)  akmg  major  flight  routBS*  while  the  doud-tradted  winds  are  vertically  clustered  frran  92S-850  mb  at 
low  levels  and  300-200  mb  at  higher  levels.  Because  of  the  limited  viewing  area  of  the  geostationary 
sat^ites^  most  of  the  satdlite-derived  wind  observations  are  between  S0*Tl  and  SO^S,  with  roughly  half 
in  die  tropics.  The  doud-tradced  wind  rqxnts  are  probably  the  least  accurate  of  the  various  wind 
observations,  mainly  because  of  problems  assodated  with  cmr^y  assigning  the  doud  to  a  specific  height 
in  areas  uhere  no  supplmnental  informatirm  is  available  about  the  detailed  vertical  structure  of  the 
moisture  field. 

Conventional  surface  obsmvations  are  made  by  land  stations,  moored  and  drifting  buoys,  coastal 
marine  stations,  and  ships.  Excqa  for  the  recent  additicm  of  wind  reports  from  the  tropical  Pacific  islands 
to  NOOAPS  (noebus  and  Goeiss,  1S192),  no  surface  wind  reports  over  land  are  uWd  in  the  analysis. 
Terrain  ^ects  and  shallow  radiation  inversions  often  result  in  surface  wind  reports  that  are  not 
representative  ol  die  free  atmo^here.  This  {noblan  is  avoided  smnevriiat  in  the  tropics  by  using  only 
Und  wind  observations  with  ^eeds  that  exceed  3.5  m/s,  which  likely  indicates  a  well-mixed  boundary 
layer.  There  are  about  100  islands  in  the  tropical  Pacific  W  rqtort  surface  wind  and  pressure,  but  not  all 
of  these  stations  rqiort  routinely.  Ships,  coastal  marine  staticms,  and  moored  buoys  provide  both  sea-level 
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pressure  and  wind  observations.  However,  90%  of  these  observations  are  in  the  Northern  Hemi^here. 
Many  of  die  drifting  buoys  provide  sea-level  pressure  observations  but  most  do  not  have  wind  s^isors, 
so  their  usefiilness  in  defining  the  tropical  marine  atmosphere  is  limited. 

A  new  source  of  surface  wind  data,  first  utilized  in  an  operational  data  assimilation  system  by  the 
U.  S.  Navy,  is  the  Special  Sensor  Miaowave/Imaga  (SSM/I)  flown  on  the  DMSP  satellites.  FNMOC  has 
been  evaluating  and  assimilating  SSM/I  surface  wind  speed  observations  into  the  global  analysis/forecast 
system  since  S^tonber,  1990  and  was  the  only  forecast  center  using  these  data  operationally  pricv  to 
^y,  1993.  Because  the  2S-km  resolution  of  die  SSMA  data  represents  much  fino'  scales  dian  those 
resolved  by  NOGAPS,  the  SSM/I  wind  speeds  are  sub-sampled  and  averaged  to  200-km  resolution.  Then, 
wind  directions  are  assigned  using  the  10-m  wind  fields  produced  by  the  forecast  model  from  a 
preliminary  analysis  of  the  ctmventional  data  (Phoebus  and  Goerss,  1992).  The  near  global  coverage  of 
the  SSM/I  winds  provides  an  important  addition  to  the  ship  and  buoy  reports,  particularly  because  of  the 
U.  S.  Navy's  reliance  on  accurate  low-level  marine  analyses  and  forecasts. 

It  is  not  unusual  for  the  opaational  centers  to  supplement  the  global  database  by  creating  synthetic 
observations  for  specific  applications.  For  example,  the  Australian  Bureau  of  Meteorology  subjectively 
doives  estimates  of  sea  level  pressure  in  the  Southnn  Hemisphere  from  satellite  imagery.  These 
observations  are  provided  to  and  used  by  the  other  operational  centers.  At  FNMOC,  they  are  exduded 
north  of  20*’S.  Locally,  FNMOC  personnel  genoate  synthetic  observations  of  sea  level  pressure  and 
surface  winds  in  the  vicinity  of  oceanic  extra-tropical  cyclones  (Goerss,  1989).  Typically,  such 
observations  are  aeated  in  data-sparse  areas  like  the  North  Pacific,  in  situations  where  satellite  imagery 
indicates  that  the  cyclone  is  deeper  than  its  model  depiction. 

Finally,  of  particular  impwtance  to  this  paper,  synthetic  wind  soundings  and  1000  mb  hei^t 
observations  are  automatically  goierated  in  the  vidnity  of  tropical  storms  (Goerss  et  al.,  1991).  The 
soundings  are  the  sum  of  two  comprments:  one  from  the  large-scale  mvironmental  flow  obtained  by 
spectrally  truncating  the  NOGAPS  model  wind  field,  and  the  other  from  a  symmetric  Rankine  vmtex  in 
gradioit  balance  centned  at  the  storm's  location.  The  structure  of  die  Rankine  vortex  is  controlled  by  the 
storm’s  maximum  wind  speed  and  die  radius  of  maximum  winds  (Fhodius  and  Goerss,  1992).  The 
infmmation  required  to  define  the  Rankine  vortex  is  taken  directiy  from  die  warning  messages  issued  by 
the  Joint  Tyjdiorm  Warning  Omtor  (JTWC),  Guam,  and  the  National  Hurricane  Center,  Miami,  once  the 
cydtmes  reach  tropcal  storm  strmgth.  Since  these  locally  created  synthetic  observations  are  specifically 
related  to  NOGAPS  performance,  they  are  not  distributed  to  the  otho*  emters.  Although  other  operation^ 
centos  are  intoested  in  this  tedmique,  the  insertion  of  tropical  storms  using  synthetic  soundings  derived 
from  operational  warning  messages  was  unique  to  the  U.  S.  Navy  during  the  time  of  this  study. 

Having  described  die  global  database,  we  can  now  focus  on  the  observations  typically  available  in 
die  trqncal  western  Ridfic.  We  are  primarily  interested  in  the  westeriy  wind  events  that  occur  within  plus 
or  minm  3  d^ees  of  the  equator  between  Indonesia  and  the  date  line  (130-180*^ ),  since  these  are  the 
events  that  produce  the  largest  ocean  response  (Giese  and  Harrison,  1991).  There  are  no  radiosonde 
stations  located  widiin  this  r^on,  so  the  only  sounding  data  available  are  from  the  polar-orbiting 
satdlites,  which  provide  temperature  data  that  can  be  converted  to  geopotential  thidmess  observations. 
However,  since  geostrophy  is  less  applicable  in  the  tropics,  we  are  more  int^ested  in  wind  observations. 
We  can  cUsregaid  drifting  buoys  since  they  do  not,  for  the  most  part,  provide  wind  information.  Occasion: 
wind  rqxnts  are  availdile  from  ships  of  opportunity,  but  such  observations  are  infrequmt  in  the  area  of 
interest.  There  are  a  few  islands  in  this  area,  but  none  west  of  165'%.  Thus  if  the  westerlies  do  not  extmd 
Ctf  to  tiw  east,  tiiey  will  not  be  detected  in  the  island  wind  observations.  As  a  result  of  the  TOGA 
(Ttopical  Ocean  (H^al  Atmo8|diere)  program,  NOAA  has  dqiloyed  lines  of  moored  buoys  peipmdicular 
to  the  eqpiator  at  165%  and  more  recently  at  156%  (July,  1991)  and  otim  locations  in  the  western 
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trq[>ical  PaciHc.  However,  receipt  of  the  Tropical  Atmosphere-Ocean  (TAO)  buoy  data  via  the  Global 
Teleomununication  Systran  (GTS)  was  limited  and  erratic  during  the  poiod  of  this  study. 

In  contrast  to  what  we  don’t  have,  what  we  do  have  are  low-level  cloud-tracked  winds  from  the 
Japanese.  These  observatirxis  are  fairly  numerous  and  can  be  a  valuable  source  of  information  for 
analyzing  the  lower  atmosphne,  if  they  happen  to  be  in  or  near  the  area  of  interest  Also,  at  the  time  of 
this  study,  the  U.  S.  Navy  was  assimilating  the  SSM/I  surface  wind  speed  data  and  the  synthetic  tropical 
(^clcuie  obsovations.  While  the  SSM/I  data  do  not  provide  wind  direction,  they  may  assist  in  accurately 
modeling  the  strength  of  the  westerly  wind  events.  And  if  indeed  these  evoits  are  associated  with  tropicd 
cylone  activity,  the  more  accurate  depiction  of  tropical  cydones  that  results  from  the  insertion  of  the 
synthetic  trc^ical  soundings  could  play  a  key  role  in  capturing  the  westerly  wind  evmts. 

Although  the  narrowly  defined  area  of  interest  is  a  data-sparse  zone,  the  region  south  and  west  of  this 
area  contains  a  wealth  of  information  and  there  are  numerous  island  observations  to  the  north  and  east 
We  argue  that  a  global  data  assimilation  system  can  effectively  utilize  this  information  to  provide  a 
realistic  estimate  of  the  wind  Helds  over  the  data-^arse  region.  Furthermore,  the  four-dimoisional  model 
dqriction  of  the  wind  field  may  aid  in  understanding  the  dynamical  and  physical  processes  associated  with 
these  westerly  wind  events. 


3  THE  GLOBAL  DATA  ASSIMILATION  SYSTEM 

The  U.S.  Navy’s  operational  global  atmospheric  prediction  system  (NOGAPS)  consists  of  four 
components:  data  preprocessing  and  quality  control,  the  data  analysis,  the  initialization  of  the  analyzed 
fields,  and  the  model  forecast.  This  analysis/forecast  system  is  run  with  a  6-h  update  cyde,  where  the  6-h 
model  forecast  provides  the  first-guess  for  the  next  data  analysis,  and  the  analysis  up^tes  the  first-guess 
using  new  observations  to  provide  the  initial  conditions  for  ^e  next  model  forecast  Eadi  new  analysis 
includes  all  observations  within  plus  or  minus  3  h  of  the  synoptic  analysis  time,  regardless  of  the  time 
die  analysis  is  actually  performed.  For  example,  the  assimilation  cycle  indudes  a  OOZ  and  12Z  re-aiulysis 
at  9  h  afto’  the  synoptic  time,  tiiereby  allowing  late-arriving  observations  to  influence  the  first-guess 
fields  used  by  tiie  next  analysis  (Gooss  and  Phoebus,  1992).  The  various  componoits  of  NOGAPS  are 
described  in  detail  elsewhere,  so  only  the  highlights  will  be  reiterated  hm. 

3.1  Qaality  Control 

The  data  preprocessing  and  quality  control  perfrxmed  prior  to  the  analysis  execute  several  difFerrat 
quality  diecks  on  eadi  observed  value  (Baker,  1992).  Depending  on  the  data  type,  these  tests  may  indude 
dieclB  for  location,  timeliness,  climatological  ranges  of  values,  and  votical  consistency.  Some  vdues  may 
be  leconqnited,  where  possible,  and  some  radiosonde  observations  are  cmrected  for  known  biases.  Ea<h 
observation  is  thoi  flagged  to  indicate  whether  it  should  be  rejected,  subjected  to  further  cheddng,  or 
accq>ted  as  is. 

All  observations  flagged  for  furth^  checking  are  subjected  to  a  gross-mor  chedc  within  the  analysis 
to  naure  that  they  do  not  vary  greatly  from  the  first-guess.  This  gross-error  chedc  is  very  lenient  for  the 
most  part,  with  the  particular  toloance  given  an  observation  dqyendent  on  the  data  type  and  its  location 
(Goem  and  Phodius,  1993).  Data  may  be  rejected  outright  at  this  stage,  or  flagged  for  further  checking. 
The  fiwal  quality  chedt  b  perform^  as  an  integral  part  of  the  analysis  process  and  requires  that 
surrminding  observations  corroborate  eadi  suspidous  obs^ation,  or  the  suspect  value  is  ignored  by  tiie 
analysis.  In  all,  the  numbo:  of  observations  rejected  by  the  analysis  is  small:  approximately  1%  of  the 
snrf^  data,  2%  of  the  observed  values  from  rawinsondes,  4-5%  of  the  aircraft  reports,  and  7%  of  die 
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layer  thicknesses  from  satellite  soundings,  with  a  high  of  lS-20%  for  the  doud-tracked  winds.  Each  piece 
of  informatioa  within  a  sounding  is  quality  checked  and  accepted  or  rejected  individually.  However,  if  one 
wind  component  is  flagged  or  rejected,  its  associated  component  must  be  treated  likewise. 

32  AnalysiB 

The  data  analysis  uses  a  multivariate  optimum  intapolation  (MVOI)  technique  patterned  after  that 
of  the  European  Cenbe  for  Medium  Range  Weatho-  Forecasts  (ECMWF;  Lorenc,  1981)  to  produce 
three-dimensitmal  gridded  fields  of  geopotoitial  height  and  the  zonal  and  meridicmal  wind  components 
(u  and  V,  respectively).  The  analysis  is  performed  on  a  U  degree  Gaussian  grid  at  the  16  standard 
pressure  levels  from  1000-10  mb.  Ihe  MVOI  ideally  will  make  only  small  changes  to  the  model-predicted 
fields.  These  adjustments  are  computed  from  the  observation  increments  (the  observation/prediction 
differmces),  which  are  formed  by  intopolating  the  gridded  fust-guess  fields  to  the  observation  locations 
and  subtracting  the  interpolated  values  from  the  obs^ed  values  of  each  parameter.  The  observation 
in<7emaits  are  more  homogeneous  than  the  observations  themselves,  so  these  are  the  values  that  are 
actually  analyzed.  The  MVOI  is  an  incremental  analysis,  where  the  analyzed  increments  at  the  grid 
locations  are  added  to  the  first-guess  values  to  produce  the  new  analysis. 

Unlike  simpler  methodologies  that  merely  average  the  observations  within  some  radius  of  influence 
about  each  grid  point,  the  MVOI  determines  how  the  observations  are  combined  in  a  more  rigorous 
fashion,  by  recognizing  that  both  the  observed  values  and  the  model-predicted  values  are  inexact  By 
requiring  that  that  the  analysis  error  variance  be  minimized  when  computed  over  a  statistically  signiHcant 
number  of  cases,  an  expression  for  the  weights  of  the  observation  increments  is  derived.  Ihe  weight  a 
particular  increment  receives  relative  to  the  analyzed  value  at  a  particular  grid  point  is  a  function  of  the 
observation  errms  of  the  data,  specified  by  data  type;  die  error  in  the  flrst-guess  at  the  grid  point  location 
(predictioa  error);  and  the  {uediction  error  correlations  between  the  various  observation  and  grid  point 
locations.  These  statistics  can  be  estimated  fairly  accurately  from  historical  databases  of  observation  minus 
fiist-guess  increments  (Gooss  and  Phoebus,  1993). 

hi  a  three-^ensional  multivariate  system,  the  analyzed  variables  are  assumed  to  be  geostrophically 
related.  Thus,  the  horizontal  and  vertical  oror  correlation  functions  must  account  for  the  relationships 
between  all  possible  variable  combinations  for  multiple  levels  in  the  atmosidiere.  That  way,  (^served  wind 
incrmnMts  will  affect  the  height  analysis  as  well  as  the  wind  analysis,  while  a  hei^t  or  thickness 
increrntmt  will  modify  the  wind  Held  in  a  manner  c(»sistent  with  the  changes  made  to  the  mass  field. 
However,  in  the  tropics,  the  geostrojAic  constraint  is  relaxed,  and  mass  observations  have  a  much  smaller 
impact  on  the  resulting  wind  analysis. 

33  InitfaHzatfon 

While  the  set  of  prediction  mot  correlation  frmctions  osures  that  the  analyzed  ina-anraits  in  the 
extratropics  ate  in  geostrc^c  balance,  there  Is  no  assurance  tiiat  the  full  analyzed  fields  are  in  appropriate 
balance  for  the  forecast  model,which  is  nliy  the  lattor  must  be  initialized  before  they  are  us^  by  the 
nmdeL  The  removal  of  inconsistencies  betweoi  the  analyzed  fields  and  the  internal  dynamics  of  the  model 
ia  accmnpllshed  by  a  nonlinear  normal  mode  initialization  (NNMI;  Madienhaun,  1977).  The  normal 
modes  are  derived  from  the  adiabatic  model  equations  linearized  about  a  basic  state  at  rest  with 
horizontally  uniform  surface  pressure  and  tempoature  fields.  The  modes  describe  the  spectrally  truncated 
fi^s  of  divmgence,  vmtidty,  and  a  form  of  the  geopotential  that  combines  the  effects  of  both  pressure 
and  temperature  variations  (Hogan  et  al.,  1991).  horizcmtal  and  votical  structures  are  determined 
scparatdy  as  (^mvecUxs  of  tiie  linearized  system.  There  are  18  vertical  modes,  corresponding  to  the 
niuriber  oi  modd  levels. 
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The  cuirent  operational  NNMI  initializes  three  vertical  modes,  the  external  and  first  two  internal 
modes,  using  an  iterative  scheme.  Two  iterations  of  this  sdieme  are  performed,  not  including  the 
calculations  of  the  initial  teidencies.  A  frequency  cut-off  is  enployed  that  restricts  the  subset  of  initialized 
modes  to  those  with  natural  periotb  less  than  24  hours.  The  vertical  mode  and  frequency  cut-off  values 
were  detennined  empirically  and  appear  to  eliminate  most  of  the  undesirable  initial  gravity  waves  widiout 
sevmely  damaging  the  meteorologically  significant  divergent  circulations.  This  latter  point  is  especially 
crucial  for  presaving  the  characta  of  certain  tropical  circulations. 

34  Model  Forecast 

Once  the  synoptic  data  have  been  assimilated  by  the  MVOI  and  the  analyzed  fields  have  been 
adjusted  by  the  NNMI,  these  fields  provide  the  initial  conditions  for  the  next  model  forecast  The  model 
extrapolates  from  the  current  state  of  the  atmosphae  into  the  future  by  solving  a  set  of  diagnostic  and 
prognostic  equations  that  describe  the  dynamical  and  physical  processes  in  the  atmosphere.  The  particular 
forms  of  these  equations  and  the  associated  physical  parameterizations  are  given  by  Hogan  and  Rosmond 
(1991).  The  opoational  model  run  during  the  poiod  of  this  study  was  a  global  spectral  model  with 
79-wave  triangular  truncation  (T79),  which  conesponds  to  a  15  degree  Gaussian  transform  grid.  The 
model  equations  are  formulated  in  spherical  coordinates  horizontally,  with  a  hybrid  vertical  coordinate  that 
rqvesents  a  slightly  modiHed  sigma-coordinate  system,  which  varies  from  1  at  the  torain  surface  to  0  at 
the  top  of  the  mo^l.  There  are  18  vertical  levels  from  the  surface  to  10  mb,  with  five  model  layers 
concentrated  within  200  mb  of  the  surface  to  better  resolve  boundary  layer  processes,  and  four  layers  used 
above  100  mb  to  resolve  the  stratosphae. 

The  prognostic  variables  for  motion  are  vorticity  and  divergence.  The  thermodynamic  variable  of  the 
model  is  virtual  potential  temperature,  which  is  altaed  with  time  through  both  advection  and  diabatic 
heating.  The  diabatic  heating  is  the  sum  of  the  radiation,  the  latent  heat  release,  and  the  horizontal  and 
vertical  difrusion  processes.  The  moisture  equation  predicts  the  time  rate  of  change  of  speciHc  humidity 
as  a  function  of  advection  and  of  the  moistening  term.  The  latter  term  accounts  for  turbulent  and  cumulus 
vertical  mixing,  the  condensation-evaporation  {xocesses,  and  horizontal  difrusion.  The  hydrostatic  equation, 
mass  continuity  equation,  and  vertical  motion  equation  complete  the  set  of  model  equations. 

The  sea-surface  temperatures  that  are  used  in  the  boundary  layer  parameterization  are  provided  by 
an  ocean  data  assimilation  system  (Clancy  et  al.,  1990;  Clancy  et  al.,  1992)  that  is  run  in  a  24-h  update 
cyde  with  a  mixed  laya  model.  This  system  includes  a  three-dimensional  ocean  thermal  analysis  that  uses 
optimum  interpolation  to  blend  temperature  data  from  ships,  buoys,  satellites,  and  bathythermographs  with 
model-predicted  tonpaatures  and  climatological  values.  The  mixed  layer  model  extends  from  the  surface 
to  400  m,  and  is  forced  with  heat  fluxes  and  surface  wind  stresses  from  the  atmospheric  model.  The 
remilting  tonperature  fields  are  available  on  a  1.25  grid.  Operationally,  the  oceanic  and  atmospheric  data 
assimilation  systems  are  loosely  coupled,  thatis,  the  ocean  mixed  layer  model  receives  new  forcing  fields 
from  NOGA^  every  3  hours,  while  the  SST  field  remains  fixed  during  a  full  24-h  atmosphoic 
assimilation  cycle. 

The  fdiysical  parameterizations  within  the  NOGAPS  model  are  both  numerous  and  complex,  and  are 
key  ingre^ents  for  successful  data  assimilation  in  the  tropics.  Therefore,  the  interested  reader  is  referred 
to  Hogan  and  Rosmond  (1991)  and  Hogan  and  Brody  (1993)  for  descriptions  of  how  the  diabatic 
processes  are  computed  within  the  model.  For  the  purposes  of  fois  report,  we  will  simply  state  that  the 
diabatic  jH'ocesses  indude  gravity-wave  drag,  vertical  fluxes,  ground  temperature  and  moisture,  shallow 
convection,  ccmvective  mixing,  cumulus  (including  predpitation  evaporation  and  a  simple  evaporative 
downdraft),  large-scale  fvedpitation,  doud  fractions,  longwave  radiation  (including  ice  emissivity),  and 
shortwave  radiation.  All  of  these  computations  are  paformed  on  the  Gaussian  grid. 
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The  spectral  model  was  originally  implemented  in  1988  with  a  T47  resolution  and  a  less  sophisticated 
of  {diysical  parameterizations.  It  was  not  until  the  inccffporation  of  the  more  complete  atmospheric 
physics  ptudmge  in  March,  1989  that  a  marked  improvement  was  seen  in  the  tropics  (Hogan  and  Rosmond, 
1991).  Shortly  thereafter,  in  August,  1989,  the  model’s  resolution  was  inaeased  to  T79.  This  combination 
of  dunges  resulted  in  a  forecast  model  that  was  actively  spinning  up  tropical  circulations  and  forecasting 
their  development  and  movement.  Thus,  the  assimilation  of  synthetic  tropical  soundings  was  added  to  the 
anal^is  to  better  position  the  tropical  storms  in  the  model’s  initial  state.  It  is  important  to  note  that 
widtout  the  model’s  skill  in  the  tropics,  the  forced  insertion  of  tropical  circulations  in  the  analysis  would 
be  ineffective,  since  the  model  might  quickly  dampen  the  initial  circulation.  But  because  the  model  is  able 
to  maintain  these  circulations  throughout  its  forecast  period,  we  now  have  a  global  data  assimilation 
system  whose  trcq>ical  forecasting  skill  is  comparable  to  or  bett^  than  the  currently  accepted  tropical 
forecasting  aids  (Horino  et  al.,  1993a). 

An  example  of  early  development  oi  a  tropical  cyclone  by  NOGAPS  is  shown  in  Figure  1.  The 
NOGAPS  sea  level  pressure  analysis  valid  at  OOZ  on  November  20, 1990  (Fig.  la)  shows  only  a  slight 
hint  of  the  tropical  depression  that  is  located  near  S^’N,  147°E.  The  72-  and  120-h  forecasts  made  from 
this  analysis,  howeva,  dearly  indicate  that  this  depression  will  develop  into  a  major  tropical  cyclone  (Fig. 

lb, c).  The  voifying  positions  of  Tropical  Storm  Page  and  Typhoon  Page  are  also  shown  on  these  figures. 
Evm  diough  no  syndetic  observations  wae  ingested  into  this  analysis/forecast  series,  the  tradt  mots  in 
the  72-h  and  120-h  forecasts  were  around  500  km  and  800  km,  respectively.  In  Hgure  Id-f,  a  similar 
series  is  shown,  but  for  3  days  later.  At  the  time  of  this  analysis.  Page  was  a  tropical  storm  and  synthetic 
soundings  were  being  genmted  for  the  analysis.  Even  though  a  global  model  cannot  actually  respresent 
the  true  intensity  of  such  storms,  the  analysis  now  has  two  dosed  isobars  depicting  the  cydone,  and  the 
drop  in  pressure  throughout  the  forecast  period  is  more  dramatic  than  in  the  previous  series.  The  72-h  and 
120'h  position  errors  are  also  reduced  substantially,  to  where  the  120-h  position  error  is  only  around  350 

km.  The  second  sories  also  shows  the  forecasted  positions  of  Typhoon  Owen  to  the  east  of  Page.  Although 
die  position  for  Owm  is  not  nearly  as  accurate,  at  least  the  model  is  beginning  to  depid  this  second  storm. 


33  Verifkatfon 

While  case  studies  sudi  as  those  in  Figure  1  provide  some  reference  for  determining  model  skill  in 
specific  situations,  overall  model  skill  is  difficult  to  determine  qualitatively.  A  statistic  commonly  used 
by  die  operational  carters  for  skill  comparisons  is  the  500-mb  height  anomaly  correlation  for  the  Northern 
Hemi^here  midlatitudes  (Rosmond,  1992).  The  anomaly  correlation  quantifies  the  ability  of  a  data 
assimilatioa  system  to  forecast  dqiartures  from  climatology.  A  value  greata  than  0.6  is  generally  accepted 
as  die  measure  of  a  forecast  that  has  some  usefulness.  The  anomaly  correlations  in  Figure  2  illustrate  the 
gaieral  improvanoit  in  NOGAPS  fcnecasts  from  1987  through  1990.  During  this  time,  not  only  did  the 
drill  improve  steadily  for  each  fmecast  period,  but  at  least  a  one-day  gain  was  made.  For  example,  the 
484i  forecasts  in  1990  wae  bettor  overall  than  the  72-h  forecasts  were  in  1987. 

A  recent  omiparison  of  anomaly  conelations  from  NOGAPS  to  those  computed  for  some  of  the  otha 
operational  cotters  reveals  only  a  small  spread  in  the  forecast  statistics  (Fig.  3).  These  values  woe 
computed  using  fields  soit  to  FNMOC  by  the  other  oporational  coitas,  whidi  are  not  necessarily  the 
fuU-iesotntion  fields  produced  operationally  at  eadi  center.  The  fields  distributed  by  the  National 
Meteorologteal  Cento  (NMQ,  the  Japan  Meteorolc^cal  Agency  (JMA),  and  FNMOC  are  25  degree 
resolution,  while  ECMWF  fields  are  5.0  degree  resolution,  fit  actuality,  ^e  NOGAPS  T79  model  has  a 
much  coarser  resolution  than  the  T126  implementoi  at  the  NMC  in  March,  1991  and  the  T213  run  at  the 
ECMWF  shice  September,  1991.  The  anomaly  correlation  for  each  center  is  computed  in  reference  to 
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FORECAST  (h) 

Ftg.  2  -  NOGAPS  mean  annual  anomaly  conelations  for  the  nortiiera  mid>latitudes  (20*  N*80*  N) 


VERIFYING  DAY  (1991) 


Fig.  3  -  Anomaly  correlations  for  the  48-h 
500-fflb  height  forecast  in  the  northern  mid¬ 
latitudes  from  four  different  operational 
centers.  Hie  values  are  5-day  running  means 
comparing  forecast  Gelds  to  self-analyses. 
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their  own  analysis,  rather  than  in  reference  to  the  NOGAPS  analysis.  The  results  shown  here  were  typical 
of  die  period,  with  ECMWF  slighdy  ahead  of  the  otho^  centers  and  no  clear  standout  for  second  place. 

However,  forecasting  skill  in  the  midlatitudes  does  not  necessarily  translate  to  skill  in  modeling  the 
tropics,  where  the  physical  parameterizations  of  the  model  become  even  more  critical.  Furthermore,  the 
ptt^lem  of  model  verification  is  exacerbated  due  to  the  lack  of  sufficient  observational  data.  Thus,  we  will 
assume  that  the  skill  of  a  data  assimilation  system  in  the  tropics  can  be  tied  to  its  ability  to  analyze  and 
forecast  the  development  and  movement  of  key  features,  which  are  die  tropical  cyclones  and  typhoons. 

Odier  dian  NOGAPS,  some  of  the  more  skillful  forecasting  aides  used  by  the  JTWC  are  the  One-way 
influence  Tropical  Cyclone  Model  (OTCM),  the  Colorado  State  University  Model  (CSUM),  and  the 
Qimatological-Porsistence  Model  (COP).  OTCM  is  a  regional  primitive  equation  model  developed  by  the 
U.  S.  Navy  (Hodur  and  Burk,  1978),  which  takes  its  initial  and  bounda^  conditions  from  NOGAPS, 
smoothes  die  initial  fields  to  get  the  steering  curr^ts,  and  then  synthetically  inserts  the  tropical  vortex  into 
the  analysis  much  like  NOGAPS  does.  On  the  other  extreme,  the  CLIP  model  (Xu  and  Neumann,  1985) 
uses  regression  analysis  to  predict  forecast  tracks  based  on  past  motion  of  the  present  storm  combined  with 
historical  data  from  storms  in  the  same  area.  In  the  middle  ground,  die  CSUM  is  a  statistical-dynamical 
model  (Newmann  and  Lawrence,  1975)  that  also  uses  i^ession  equatimis  to  generate  the  trade  forecasts, 
but  it  includes  information  from  dynamic  model  analyses  and  forecasts  as  predictors,  as  well  as  historical 
data. 


Until  recoitly,  global  models  w^e  not  considered  adequate  to  forecast  tropical  cyclone  motion,  since 
they  could  not  resolve  the  small-scale  atmospheric  structures  associated  with  diese  storms.  Recent  model 
improvements,  however,  have  altered  this  commonly  held  opinion.  For  example,  an  independent  study  of 
NOGAPS  forecasts  for  Northern  Hemisphere  Weston  ^dfic  storms  during  calendar  year  1991  (Goerss, 
1992)  illustrated  significant  model  skOl.  Figure  4  compares  the  pofoimance  of  NOGAPS  to  the  other 
forecasting  aides  described  above,  and  to  the  official  track  forecast  of  JTWC  In  each  case,  Goerss 
compared  the  forecasted  position  of  the  storm  to  the  final  "best  track"  data  provided  by  JTWC  The 
median  enors  were  computed  for  all  storm  tracks  for  each  modd  for  all  forecast  periods.  Ihe  smallest 
trade  OTor  in  each  case  was  provided  by  the  global  data  assimilation  syston.  Even  more  remarkable  are 
the  statistics  shown  in  Table  1.  In  the  early  stages  of  tropical  storm  ^elopment,  before  any  synthetic 
observations  were  assimilated  into  the  analyses,  NOGAPS  was  analyzing  and  forecasting  the  developmrat 
of  most  of  the  named  storms,  with  79%  of  the  storms  detected  in  the  24-h  fmecast  and  66%  still 
maintained  at  72  hours.  Once  the  storms  developed  to  the  stage  whne  synthetic  observations  were  used 
to  position  the  storms  in  the  analyses,  87%  of  the  steams  in  1991  were  stiU  detectable  in  the  72-h  forecast. 

It  is  this  skill  that  has  lead  us  to  revisit  Keen's  (1982)  original  hypothesis  that  westerly  wind  bursts 
'fiett  associated  with  tropical  cyclone  activity  in  the  western  Pacific,  and  that  these  wind  events  w^e 
somehow  associated  with  the  El  Nifio.  K  a  relationship  exists  between  westerly  wind  bursts  and  tropical 
cydones,  a  model  with  the  skill  in  the  tropics  exhibited  by  NOGAPS  shodd  be  able  to  define  this 
relationship  better  than  individual  observations  can.  Furthermore,  by  forcing  an  ocean  circulation  model 
widi  the  surface  wind  stresses  produced  twice-dafly  by  the  NOGA^  model,  we  hope  to  determine  the 
role  of  the  westerly  wind  bursts  in  modifying  the  circulation  in  the  eastern  equatorial  Padfic  more 
precisely  than  can  be  determined  by  using  monthly  mean  wind  forcing  (Kindle  and  Phoebus,  1994). 
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4  MODEL  DEPICTION  OF  WESTERLY  WIND  EVENTS 

On  occasion,  the  prevailing  easterly  trade  winds  in  the  tropics  are  replaced  over  small  areas  by 
episodes  of  very  concentrated,  highly  energetic  positive  zonal  winds  (westerlies).  These  westerly  wind 
bursts,  while  not  unique  to  any  one  particular  region,  are  most  prevelant  m  the  western  equatorial  Paciflc. 
The  anomalous  westerlies  may  extend  over  more  than  30  degrees  of  longitude  and  several  degrees  of 
latitude  in  the  area  between  New  Guinea  and  the  dateline,  and  speeds  of  10-15  m/s  are  not  uncommon. 
Of  particular  interest  are  the  events  that  occur  within  plus  or  minus  3  degrees  of  the  equator,  since  this 
anomalous  forcing  can  generate  eastwardly  propagating  equatorially  trapped  Kelvin  waves  in  the  Pacific 
Ocean  that  may  account  for  much  of  the  quasi-periodic  warming  that  occurs  in  the  central  and  eastern 
Paciflc  (Giese  and  Harrison,  1990). 

Traditional  means  of  identifying  westerly  wind  bursts  rely  upon  wind  measurements  from  ships, 
buoys,  and  islands.  Isolated  point  measurements,  however,  cannot  provide  a  complete  picture  of  the  nature 
of  the  west^ly  wind  event  Other  sources  of  information  that  have  received  less  attention  are  the  low-level 
wind  fields  &at  are  produced  by  global  atmospheric  models,  due  in  large  part  to  their  past  poor 
performance  in  the  tropics  (Reynolds  et  al.,  1989).  However,  many  improvements  have  been  made  in 
recent  years,  and  given  the  lack  of  observations  in  the  area  of  interest,  today’s  global  data  assimilation 
systems  deserve  another  look.  NOGAPS,  with  ite  sophisticated  physics  package  and  use  of 
nonconventional  data  sources,  is  particularly  well  suited  for  tropical  studies.  While  no  model  or  analysis 
is  perfect,  we  must  recognize  that  observations  are  also  contaminated  by  various  sources  of  error,  including 
instrument  enors,  recording  or  transmission  mors,  and  errors  of  representativeness.  Thus,  we  prefer  to 
think  of  the  model  output  as  providing  another  estimate  of  the  low-level  wind  field,  and  this  depiction  has 
the  advantage  of  being  fairly  continuous  in  space  and  time  and  dynamically  consistent 

To  lend  aedibility  to  the  analyzed  and  forecasted  wind  flelds  examined  in  this  report,  we  will  rely 
on  information  provided  by  JTWC,  the  Australian  Bureau  of  Meteorology,  and  the  Fiji  Meteorological 
Service  concerning  the  strengths  and  tracks  of  tropical  i^clones  in  the  western  and  central  Paciflc.  Once 
a  storm  becomes  strong  enough  that  syndietic  obsovations  are  automatically  generated  to  initialize  the 
storm  in  NOGAPS,  the  largo’-scale  circulati<m  associated  with  the  storm  is  clearly  depicted  and  accurately 
positioned  in  the  analysis.  However,  NOGAPS  often  analyzes  these  circulations  days  before  the  tropical 
depressions  or  tropical  storms  develtq).  Since  sudi  circulations  are  difflcult  to  verify  with  observational 
data,  if  we  can  consistently  track  a  drculation  backward  in  time  from  a  known  tropical  storm,  we  have 
some  confidmce  that  the  circulation  is  real,  even  though  its  position  may  be  somewhat  misplaced. 

Our  efforts  to  detect  westerly  wind  bursts  using  model  output  will  concentrate  on  the  period  from 
Octobtt,  1990  through  January,  1992.  This  pmod  of  time  was  chosen  for  several  reasons.  First,  both  the 
SSM/I  data  and  synthetic  tropical  observations  were  being  used  operationally  in  the  NOGAPS  analysis. 
Second,  the  NOGAPS  softw^  components  have  remained  relatively  stable  since  that  time.  Last,  there 
were  indications  that  an  El  Niflo  was  developing  in  late  1990  (Ropelewski  and  Smith,  1993),  as  SST  in 
the  central  part  of  the  Pacific  basin  increased,  but  the  major  warm  event  didn’t  appear  further  to  the  east 
until  the  winter  of  1991-1992  (^.  5).  Thus,  looking  at  both  winter  seasons  may  provide  added  insight 
into  the  triggering  medtanian(s)  for  the  warm  evoit. 

The  analyzed  10-m  zonal  wind  cmnponent  from  NOGAPS,  interpolated  to  six  western  Paciflc 
locations,  is  plotted  in  Figure  6  for  positive  (westerly)  values  only.  Comparison  of  the  winds  at  different 
locatirms  onphasizes  how  isolated  dbservatimis  can  be  misleading.  A  strong  westerly  wind  at  one  location 
may  not  be  supported  by  another  point  tmly  a  short  distance  away.  For  example,  if  the  only  platform 
rqwrting  in  December  1991  was  at  156”E,  2*TJ,  this  major  burst  would  not  have  been  detected.  Similarly, 
data  from  early  May,  1991  illustrates  that  a  ugnificant  westerly  event  can  occur  in  the  far  western  Pacific 
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Fig.  S  -  Sea-autfaoe  tempetatuie  anomalia  (*C)  in  three  El  Nifio  areas,  Nino  14-2  (0*  to  10*S,  90*W  to  the 
S.  American  ooaat),  Nino  3  (5*S  to  5*N,  150*W  to  90*W),  and  Nino  4  (5*S  to  S*N,  160*E  to  1S0*W) 


(see  156*^  )  but  not  be  evident  fiutha  to  the  east  (see  165*^  ).  Since  there  are  almost  no  islands  near  die 
e^iator  west  of  sudi  bursts  would  go  unt^ected  using  convmtional  observations  unless  a  ship  ot 
buoy  happened  to  be  in  the  area.  Of  oouise,  with  the  recent  addition  of  more  TAO  buoys,  this  is  less 
Ukely  now  than  in  the  i»st 

Hie  corresponding  TAO  buoy  data  from  five  of  the  locations  shown  in  Rgure  6  were  obtained  from 
NOAA's  Pacific  Marine  Kivironmental  Laboratory  (^dEL).  The  zonal  wind  components  measured  by 
die  buoys  are  shown  in  Figure  -?  for  comparison,  liiese  records  reflect  all  of  the  data  available  at  PMEl^ 
not  all  of  the  obsavations  available  in  real-time  for  the  NOGAPS  analysis.  Receipt  of  the  TAO  buoy  data 
at  FNMOC  (via  GTS)  during  the  period  of  this  study  was  somewhat  limited.  On  most  occasions,  little  if 
any  of  the  TAO  buoy  observations  were  available,  so  conqiatisons  of  the  model  to  these  buoy  data  provicte 
a  quasi-indqiaideat  means  of  voifying  the  NOGAPS  aWyses.  For  example,  no  TAO  buoy  data  were 
available  at  all  firmn  mid-October,  1991  throu^  early  January,  1992  due  to  satellite  transmission  and 
pioceasing  problems,  yet  diete  is  still  close  agreonent  between  the  analysis  and  the  buoy  observatimis. 
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One  glaring  exoqrtian  occurs  at  die  165*E,  2*N  buoy  location,  where  firom  September,  1991  mi,  few 
weateriies  were  measured,  while  strong  westerly  winds  were  recorded  by  the  other  buoys  and  depicted  by 
die  modd.  While  this  situadmi  may  seon  comparable  to  the  December,  1991  case,  whme  the  westmiy 
iHirst  was  evident  everywhere  txcepi  at  1S6*E,  2^,  there  are  notable  differences.  It  will  become  clear 
from  Ider  figures  diat  die  December,  1991  burst  was  associated  with  a  pair  of  Southern  Hemisphme 
cyclones  diat  developed  for  to  die  east,  leaving  die  most  northwestern  point  of  our  array  outside  the 
wederly  flow.  Howevm,  in  die  odier  case,  a  supertyj^oon  formed  at  4°N,  166°E  in  late  November.  It  is 
hard  to  imagine  how  a  point  2  d^rees  directly  soufo  d  a  developing  typhoon  did  not  expmience  westerly 
winds.  Thus,  we  conchide  that  the  obaervadmis  from  this  buoy  during  die  latter  part  of  1991  are  jmibably 
in  error.  Had  diis  data  been  available  to  the  analysis,  die  NOGAPS  quality  control  programs  would  most 
likely  have  rejected  these  observations,  given  dud  the  surrounding  data  disagree  significantly.  The  buoy 
in  tpestion  aiqiaready  drtqqied  off-line  in  Deconber,  1991. 

Fm  a  doser  buoy/model  cmxqparison,  the  zonal  wind  component  observed  by  the  moored  buoy  at 
2"N,  16S*E  is  plotted  along  with  the  NOGAPS  analyzed  10-m  zonal  wind  componmt  through  the  first 
half  of  the  study  (Fig.  8a),  vdiile  the  0*N,  165^  location  is  shown  for  the  remainer  of  the  period 
(Fig.  8b).  For  die  most  ^vt,  the  NOGAPS  analyzed  winds  agree  dosely  with  the  winds  measured  by  the 
buoys.  Although  NOGAPS  sometimes  underestimates  the  strength  of  the  wind,  the  stronger  westaly 
events  can  be  easily  identified  from  dther  dataset  Since  we  are  primarily  concerned  with  strong  zmial 
westeriy  forcing  on  the  ocean,  the  weaker  westerly  wind  componoits  are  not  of  intmest  here. 

The  major  westerly  wind  events  are  readily  apparent  within  these  time  series,  and  we  will  look  at 
several  of  the  more  si^Gcant  cases  in  detail.  Since  we  are  particularly  interested  in  the  relationship 
betwemi  westerly  wind  evmits  and  tropical  cydone  development,  we  have  made  extensive  use  of 
infotmatimi  from  die  Annual  'Dopicsl  Cyclone  Rqxirts  published  by  XTWC  (1991;  1992;  1993).  The 
JTWC  storm  strengdu  and  positioos  for  the  Nosth^  Hemisphere  systons  are  supplemented  by  storm 
track  Information  provided  by  die  Australian  Bureau  of  Metecnrology  and  the  Hji  Metewological  Service 
(1992)  for  die  So^  Pacific  storma.  To  make  the  discussion  easier  to  follow,  some  basic  tropical  storm 
terminology  is  givai  in  Table  2  for  die  varimis  stages  of  tropical  cydone  development  (although  wind 
qpeed  criteria  are  normally  defined  in  knots).  While  convention  is  that  tropical  systems  are  not  officially 
named  until  diey  reach  tropical  atmrm  strength,  to  simplify  our  discussion  of  the  various  events,  we  have 
taken  some  leeway  widi  omvention,  and  will  use  the  official  names  to  distinguish  the  different  storms  at 
all  stages  ai  thdr  development  Fbrdiermcne,  we  will  use  tropical  cydone  (lower  case)  in  the  gmeric  sense 
to  rder  to  any  tropical  drculation,  r^ardless  of  strength. 


Table  2  -  Western  FkIQc  Ttopicsl  Ofdoot  Tenninology 


Maximum  Sustained 
Wind  ^leed  (ms'^) 

Nordiem  Hemi^ere 

Symbol 

Southern  Hmni^here 

103 

Ttopical  Disturbance 

O 

Tropical  Disturbance 

>■  123 

Tropical  Depressicm 

Tropical  Depression 

183 

Trcqiical  Storm 

Tropical  Storm 

^«333 

Typhoon 

f 

Tropical  Cydone 

693 

Supertyphotm 

y 

Severe  Tropical  Cydone 

Wind  Speed  (m/s)  ^  Wind  Speed  (m/s) 
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Fig.  8  -  A  oompiriaoii  of  the  NOGAPS  10  m  zonal  wind  component  (m/a)  to  die 
obaetved  zonal  wind  component  at  a)  2*N,  16S*B,  and  b)*0, 16S*E 
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Prior  to  their  appearance  as  organized  tropical  disturbances,  some  of  the  tropical  cydmies  can  be 
traced  backward  in  tinm  to  waves  in  the  easterlies,  which  are  migratmy  disturbances  drat  move  from  east 
to  west,  imbedded  in  die  easterly  flow  (Riehl,  1954).  These  easterly  waves  are  often  associated  with  weak 
troughs  of  low  pressure  and  may  be  accompanied  by  active  convection,  hi  a  streamline  analysis,  they  will 
appear  as  slight  waves  in  the  otherwise  zonal  flow.  As  an  easterly  wave  passes  an  observing  platform  in 
die  Northern  Hemi^here,  easterlies  would  turn  to  northeasterlies,  dien  to  southeasterifes  before  becoming 
easterly  once  again  behind  the  wave.  As  die  easterly  wave  b^ins  to  intoisify,  the  drculation  broomes 
more  cyclrmic  and  the  first  true  westerlies  appear  ahmg  die  southern  flank  of  the  Northern  I&misphere 
drculation. 

The  following  series  of  figures  is  presented  to  provide  a  more  complete  spatial  and  tonporal  picture 
of  die  relatkmship  between  the  westerly  wind  bursts  and  die  develofunent  of  tropical  cyclones,  b  eadi 
case,  a  series  of  siuqMhots  of  the  low<level  wind  fields  from  NOGAFS  are  annotated  with  die  symbols 
from  Table  2  that  dqiict  the  various  stages  of  tropical  cydone  development  The  wind  flow  pattmns  are 
rqireseated  by  streamlines,  vriiUe  the  areas  udiere  die  zonal  westerly  wind  omnponent  exceeds  2.5  m/s  are 
omitonred  and  every  2.5  m/s.  While  a  global  model  cannot  accurately  analyze  the  true  scale  and 
maximum  intensity  of  a  tropical  cydmie,  it  can  capture  die  larger-scale  flow  that  surrounds  die  tropical 
^done  and  will  produce  mudi  stnmger  winds  and  tighter  drculatimis  as  die  storms  devdi^.  The  next 
few  sections  are  organized  by  season,  since  from  Hgure  6  it  is  dear  that  eadi  hemuqphere  experiences 
more  ^isodes  of  westerlies  during  their  respective  summer  seastms,  whfle  the  strongs  bursts  occur  during 
die  Nmthem  Honisphere  fall  and  winter  seasons. 

4.1  Fan  1990 

The  month  of  November,  1990  is  dmninated  by  the  development  of  three  Supertyphoons  in  the 
westem  North  Pacific  and  a  strong  TYopical  Cydone  in  die  South  Padfic  (Rg.  9).  Dis^ct  podcets  of 
westerlies  are  found  along  the  inflow  regirnis  of  each  cydone,  although  at  times  these  podcets  of 
westerlies  are  connected  by  weaker  westerly  winds.  For  the  most  part,  the  westeriies  are  confined  to  die 
area  between  the  equator  and  ION,  and  d  times  diete  are  strcng  westerlies  jnesent  in  die  equatorial 
wavq;nide. 

The  devdqiment  of  Mike  and  Page  is  shown  in  Fig.  9a-c.  NOGAPS  has  trouble  positioning  die 
cydoaes  initiafiy,  but  by  Novonber  9  clearly  shows  two  distinct  cydones,  with  the  strongest  westerlies 
south  of  the  strongm  sUmn  and  extnding  westward  to  where  Tropi^  Stmm  Nell  is  located  in  the  South 
China  Sea.  These  westnlies  increase  as  Mflce  readies  sopertyidiomi  strength  on  November  11.  Tlie  model 
position  of  Page  remains  too  far  sooth  and  west  but  improves  as  Page  becomes  a  tropical  dqnession  on 
die  16th.  bi  I^gure  9d-f,  Page  is  now  the  westernmost  cydone  and  NOGAPS  is  analyzing  anoAer  cydone 
to  die  east  (Owen).  JTWC  has  been  tradting  this  disturlmce  since  November  15,  when  it  was  locat^  east 
df  die  datdine.  While  NOGAPS  did  not  pick  up  the  disturbance  that  soon,  frcxn  this  point  on  die  modd 
does  an  admirable  job  of  depicting  the  atmms,  even  before  synthdic  observaticms  are  inserted.  There  is 
also  smne  hint  of  a  new  dra^tkm  in  the  Southern  Hemiqdime  east  of  die  dateline  on  Novembm  19.  Each 
of  die  drculations  b  assodated  with  a  distind  westerly  wind  patch. 

The  first  of  these  three  qrckmes  to  readi  tropical  storm  strength  is  Owen,  whidi  is  upgraded  at  12Z 
«i  November  21,  followed  closely,  by  Page  at  OOZ  cm  November  22  and  lat«r  by  Sins  at  OQZ  on 
November  25.  The  equatmial  westerl^  are  most  extensive  on  Novonber  24  (Hg.  9e),  aldiough  the 
strongest  wind  qieeds  are  wdl  north  of  the  equator.  The  flow  around  Owen  and  Sina  fnms  a  continuous 
luud  of  westerlies  almig  the  equator  from  145*E  to  175*E,  still  sqiaiated  simie^diat  from  the  westerlies 
sondi  of  Psge.  The  magnttnAt  of  die  zonal  wind  compement  in  the  equatmial  waveguide  is  primarily  in 
fte  range  tA  Z5-7S  m/i,  widi  snsall  areas  exceeding  7.5  m/s.  Three  days  later  (Fig.  9f),  the  diree  storms 
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i)  06  NOV  90  d)  19  NOV  90 


Fif.  9  -  NOQAPS  1000>iDb  ttieaoiltae  anilysei  (OOZ),  with  wwieriy  u-oompooeoti  greater  than  2^  m/»  contoured  and  ahaded 
eweiy  23  aja.  OCBcial  qrctone  poaitioaa  are  noted  by  the  appropriate  aymbot.  a)  November  6,1990,  b)  November  9,  1990, 
^  November  11, 1990,  d)  November  19, 1990^  e)  (tovembet  24, 1990,  f)  November  27, 1990 
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are  at  their  tnaTimum  intensities,  with  both  Supertyphoons  Page  and  Owen  having  winds  over  70  m/s  and 
Sina  with  sustained  winds  of  62  m/s.  As  the  storms  separate  and  move  away  from  the  equator,  the 
extranely  zonal  fetch  of  westalies  along  the  equaUv  begins  to  break  down,  and  the  westerlies  retreat 
along  with  the  storms.  Owen,  which  is  still  south  of  10°N,  continues  to  impact  the  equatorial  waveguide, 
but  ^e  influence  of  the  other  two  storms  is  negligible. 

By  early  Decembn,  the  flow  becomes  more  cross-equatorial  and  there  are  almost  no  westerly  winds 
evident  in  the  western  equatorial  Pacific  What  follows  is  the  classical  development  of  a  pair  of  tropical 
cydone  twins,  which  typically  occur  in  this  region  only  about  once  every  two  or  three  years  (Lander, 
1990).  The  first  hint  of  a  coupled  cycloiic  circulation  appears  in  the  NOGAPS  wind  field  on  December 
9  (Fig.  10a),  and  weak  westerly  winds  appear  between  die  two  vortices.  For  several  days,  the  westerly 
winds  remain  confined  to  this  narrow  band.  Then,  tm  Deconber  13,  JTWC  notes  a  tropical  disturbance 
in  the  Nordiem  Hanis{diere,  within  the  larger  scale  circulation  analyzed  by  NOGAPS  (Fig.  10b).  At  the 
same  time,  the  westerlies  have  strengthened  and  extended  westward  from  their  initial  position  around  the 
dateline,  more  (» less  centaed  on  the  equate  and  terminating  near  the  longitude  of  the  coupled  cyclones. 
Zonal  wind  speeds  now  exceed  13  ta/i  in  a  small  area  near  the  center  of  the  westerly  wind  patch. 

As  the  northmi  cyclone  continues  to  develop,  the  band  of  westerlies  intensifies  and  the  fetch 
increases  to  the  west  (Fig.  10c).  While  a  broad  area  ^ong  the  equator  is  experiencing  wind  speeds  of  5-10 
m/s,  the  strongest  winds  are  still  located  north  of  the  equator,  closer  to  the  southern  edge  of  Tropical 
Storm  Russ.  As  the  coupled  circulations  progress  westward,  the  southern  cyclone  (Joy)  begins  to 
stroigthen  (Fig.  lOd).  Note  that  as  the  the  storms  strengthen,  they  not  only  move  west,  but  they  begin  to 
squrate  and  move  away  from  the  equator  (Hg.  10e,Q.  Although  the  westerlies  continue  to  increase  in 
speed,  die  carters  of  maximum  wind  qieed  move  away  from  the  equator  with  the  separating  storms.  Thus, 
the  westerly  forcing  in  the  equatorial  waveguide  is  oftoi  reduced  during  the  stronger  stages  of  the  tropical 
cyclones.  Whoe  the  westalies  readied  as  far  east  as  175*%  on  December  13,  by  December  22  they  only 
extend  to  150^. 

While  this  pattern  repeats  what  was  observed  in  the  model  during  the  November  event,  it  differs  in 
that  the  Deoonber  burst  is  more  symmetric  about  the  equator,  due  to  the  almost  simultaneous  development 
of  the  Russ/Joy  couplet  along  the  same  longitude,  both  very  near  the  equator.  Although  the  Novendra 
burst  was  also  accompanied  by  both  Northern  and  Southern  Hemisphere  storms,  their  circulations  did  not 
ajqpear  to  be  as  directly  coupled,  as  Sina  develqied  further  south  of  the  equator  than  Joy  and  also  further 
east  of  its  northon  hanisjAere  counterpart,  Owen.  The  series  of  tropical  storms  described  above  were 
associated  with  westerly  wind  anomalies  that  persisted  in  the  western  equatorial  Pacific  for  the  better  part 
of  November  and  Deconba  of  1990.  Taken  togetha,  the  forcing  from  these  westerly  bursts  genoated  a 
signifiatnt  response  in  the  ocean,  resulting  in  a  2S-cm  rise  in  SSH  in  the  eastern  equatorial  Pacific 
between  mid-December,  1990  and  the  end  of  January,  1991  (Kindle  and  Phoebus,  1994).  Howeva,  the 
antmipated  El  Niiio  failed  to  appear. 

4JZ  Winter  1991 

Smne  westerlies  posisted  into  January  and  February  of  1991,  mainly  south  of  the  equator  with  the 
onset  of  the  Australian  monsoon.  Throughout  this  period,  whidi  is  the  active  tropical  cyclone  season  in 
the  soudian  hemisphae,  a  number  of  low-level  cyclonic  wind  circulations  are  analyzed  by  NOGAPS.  Tw 
trcqucal  storms  develop  in  the  Smithon  Hemisphere  in  mid-February,  one  just  east  and  one  just  west  of 
Australia,  both  between  1S-20*’S.  Strong  westerly  winds  are  present  from  the  Indian  Ocean  across  northern 
Australia  and  into  the  western  Pacific  around  10°S,  but  there  is  no  strong  westerly  forcing  on  the  ocean 
along  the  equator. 
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a)  09  DEC  90  d)  18  DEC  90 


Fig.  10  -  Same  aa  Ilg.  9,  but  for  a)  December  9, 1990,  b)  December  13, 1990,  c)  December  16, 1990, 
d)  Decmber  18, 1990,  e)  December  20, 1990,  f)  December  22, 1990 
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¥nm  Figure  8,  tire  next  notable  westerly  wind  burst  in  the  equatorial  waveguide  occurs  from  late 
February  through  late  March,  1991.  The  Australian  monsoon  is  well  established,  with  strong  westerly 
winds  dominating  the  flow  between  the  equator  and  IS^S.  On  February  23,  Tropical  Storm  Kelvin 
develops  ova  the  Gulf  of  Carpentaria  and  moves  across  the  Cape  York  Peninsula  of  Australia  out  into 
the  South  Padflc  Ocean,  ^ile  anotho'  citculation  is  analyzed  near  the  eastern  terminus  of  the  westerlies 
around  175”E  (Fig.  11a).  The  eastern  cyclone  moves  closer  to  Kelvin  and  shortly  thereafter,  NOGAPS 
b^ins  to  show  a  new  circulation  just  north  of  the  equator  around  ISS^E  (Fig.  11b).  The  strongest 
westCTlies  are  now  presort  in  the  inflow  regions  of  these  cyclones.  Over  the  next  few  days,  this  flow 
pattern  changes  very  little,  but  the  other  two  cyclones  begin  to  intensify  while  Kelvin  drifts  slowly  north 
(Fig.  11c). 

The  development  of  the  ntMtiron  cyclone  (Sharon)  appears  to  have  the  most  impact  on  the  equatorial 
wav^uide,  as  the  stronger  winds  shift  northwaM  and  become  more  centered  along  the  equator.  The  peak 
of  the  equatorial  westerlies  occurs  from  March  3-7  (Rg.  llc-e),  when  Sharon  progresses  from  a  tropical 
dttturbance  to  a  tropical  dqrression.  As  the  two  Southern  Hemisphere  cyclones  dissipate,  Sharon  reaches 
tropical  storm  strength  and  moves  more  rapidly  to  the  northwest  (Fig.  Ilf),  reducing  the  fetch  of  the 
westerlies.  Although  the  wind  speeds  continue  to  strengthen,  the  wind  maximum  moves  further  north  of 
the  equator. 

The  absence  of  westerly  winds  along  the  equator  east  of  150*^  is  short-lived,  for  as  Sharon 
approaches  the  Phillipines,  NOGAPS  analyzes  a  new  northem/Southem  Hemisphere  cyclone  couplet 
between  150-160'*E,  with  the  northern  vortex  almost  right  on  the  equator  (Rg.  12a).  The  westerly  winds 
between  these  circulations  increase  in  fetch  and  intensity  as  the  Southern  Hemisphere  cyclone  develops 
into  a  tropical  dqrression  (Rg.  12b,c).  Between  March  14  and  15,  the  westerly  band  becomes  very  zonal 
and  wind  speeds  increase  over  a  broad  area,  exceeding  15  m/s  over  almost  20°  of  fetch.  little  change  is 
observed  in  the  analyses  until  Mardi  18,  whoi  the  Ntxthem  and  Southern  Hemisphere  circulations  become 
more  longitudinally  aligned.  The  westerlies  now  extend  ovor  40°  of  longitude,  from  130-170°E,  between 
and  to  the  west  the  two  cyclones,  with  wind  maximums  located  in  the  inflow  regions  of  each  cyclone  (Fig. 
12d).  As  the  northern  honi^here  cyclone  develops,  the  southern  cyclone  moyes  rapidly  south  (Fig.  12e) 
and  no  longa  influences  winds  in  the  equatorial  waveguide.  The  northern  storm  becomes  Tropical  Cyclone 
Tim  at  18Z,  Mardi  21.  As  Tim  continues  to  strengthen,  it  moves  north  and  west  (Fig.  12f),  soon  leaving 
only  remnants  of  the  previous  equatorial  westnlies. 

Rgure  13a  cmnpares  the  total  wind  speed  at  150°E,  0°N  to  the  magnitude  of  the  zonal  wind 
component  from  late  February  through  late  March.  While  the  u  -component  is  positive  (westerly)  during 
this  entire  time,  there  are  two  distinguishable  periods  when  the  wind  becomes  very  zonal,  in  other  words, 
tile  meridional  conqionettt  of  the  wind  is  almost  zero.  The  first  westerly  burst  begins  on  March  2,  peaks 
on  March  5,  and  onds  on  March  9.  The  second  burst  begins  on  March  13,  increases  dramatically  betwem 
the  14th  and  15th,  and  continues  tiirough  the  rest  of  the  time  shown. 

Annotated  cm  the  same  figure  are  the  time  lines  showing  the  stages  of  development  for  the  tropical 
cydones  assodated  with  the  winds  at  tiiat  point  For  example,  Sharon  becomes  a  tropical  disturbance  just 
^er  the  increase  in  westerly  wind  qieed  on  March  3  and  strengthens  to  a  tropical  depression  on  the  5th 
following  the  second  increase  in  the  westerlies.  By  the  time  Sharon  becomes  a  named  tropical  storm  on 
the  Ttii,  it  is  located  dos»  to  145°E,  west  of  the  point  shown  here,  and  the  wind  speeds  at  150°E  begin 
to  drq;>.  Later  in  the  month,  the  increase  in  wind  speed  from  March  14  to  15  is  assodated  with  the 
trmisition  of  16P  from  a  tropical  disturbance  to  a  tropical  depression.  The  influence  of  Tim  is  better  seen 
at  160°B  (Rg.  13b).  As  ^th  Sharmi,  by  the  time  Tim  becomes  a  tropical  storm  on  the  21st,  it  is  located 
5  degrees  west  of  160°E,  so  wind  speeds  at  160°E  are  deo'easing  while  we  see  an  increase  at  150°E  (Fig. 
13a). 
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A  Stu(fy  of  Westerfy  Wind  Bursts  Preceding  the  1991-92  El  Niho 


199 1 

Fig.  13  -  Single^int  time  series  of  NCXiAFS  1000>mb  wind  ^)eed  compared  to  the  zonal  wind  component 
only  at  (a)  1S0*B,  0*N  and  (b)  160*E,  0*N.  Time  lines  of  cydone  develqmumt  are  annotated. 
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In  both  of  the  March,  1991  cases,  the  westward  movement  of  the  storms  is  further  reflected  in  the 
time-lcH^itude  series  shown  in  Figure  14.  It  has  been  suggested  that  westerly  winds  in  the  western  Pacific 
are  related  to  surges  of  west^lies  from  the  Indian  Ocean  in  association  with  the  30-60  day  oscillations 
(Lau  et  al.,  1989).  While  Figure  13  gives  some  indication  that  the  westerlies  increase  just  prior  to  the  next 
stage  of  cychme  development,  Hgure  14  does  not  indicate  that  there  is  much  of  a  signal  propagating  from 
die  ladian  Ocean.  The  predominant  signal  in  this  time-longitude  series  of  equatorial  winds  is  the  westward 
propagation  of  the  westerlies,  at  least  during  this  limited  time  period.  The  westerlies  appear  to  develop 
on  location  in  late  February  and  then  propagate  slowly  westward  during  the  first  half  of  March,  reflecting 
the  westward  movement  of  Sharon.  During  the  latter  half  of  the  month,  another  distinct  area  of  westerlies 
develops  around  the  same  location  as  the  flrst  series,  hi  this  case,  there  is  perhaps  a  slight  eastward 
propagation  of  the  wind  maximum,  but  by  the  end  of  the  time  series,  the  eastward  extent  of  the  westerlies 
is  decreasing  as  Tim  moves  westward. 

43  Spring-Eariy  FaU  1991 

By  the  rad  of  March,  the  western  equatorial  Pacific  is  once  again  in  an  easterly  wind  regime  (Fig. 
8).  Early  in  April,  small  areas  of  westerly  winds  are  analyzed  along  the  equator,  once  again  associated 
with  cyclonic  circulations  developing  on  easterly  waves.  While  some  convection  can  be  seen  in  these  areas 
from  satellite  imagery,  none  of  these  circulations  develops  into  anything  significant  Howevra,  the  near- 
equatorial  trough  is  re-established,  and  later  in  April,  tropical  storm  Vanessa  forms  around  140*^. 
The  equatorial  westerlies  associated  with  Vanessa  are  confined  to  the  far  western  Pacific  and  by  April  27, 
Vanessa  has  moved  into  the  South  China  Sea  and  most  of  the  westerly  winds  along  the  equator  have 
disa{^)eared. 

Early  May  brings  the  development  of  another  set  of  dual-hemisphere  cyclone  twins,  which  form 
armmd  150°E  as  illustrated  in  the  series  of  analyses  shown  in  Figure  15.  The  northern  cyclone  becomes 
Supertyphoon  Walt  and  the  southern  cyclone  becomes  Tropical  Cyclone  Lisa.  The  pattern  of  developmrat 
is  someuiiat  diff»ent  from  that  seen  previously.  In  this  case,  the  first  westerlies  are  evident  along  the 
equator  between  two  cyclonic  circulations  around  140°E,  and  an  easterly  wave  is  present  around  16S”E 
(1^.  ISa).  As  the  easterly  wave  moves  into  the  eastern  edge  of  the  westerlies,  two  new  cyclonic 
circulations  develop  around  15S°E  (Fig.  ISc).  This  pattern  agrees  with  the  findings  of  Heta  (1990),  who 
showed  that  tropicd  cyclones  in  the  western  Pacific  originate  as  easterly  waves  within  the  trade  winds, 
with  development  most  often  occurring  when  the  waves  rator  the  area  of  convergence  generated  by  the 
westerly  anomalies.  Heta  noted  that  there  was  frequently  a  surge  in  the  westerlies  Just  prior  to  the 
development  of  the  tropical  disturbance.  There  is  some  evidence  of  that  scenario  in  this  case,  as  well. 

This  is  one  of  the  only  westerly  bursts  that  we  have  seen  where  the  westerlies  were  present  before 
the  initial  signs  of  die  developing  tropical  storms,  although  evra  in  this  case,  weak  cyclraic  circulations 
around  140*%  accompany  the  first  westerlies.  Satellite  imagery  from  May  3  shows  convection  along  the 
equator  from  120-1S0°E,  where  the  initial  westerlies  are  present,  with  two  additional  convective  masses 
around  1S0-160°E,  between  5-10°N  and  S-10**S.  These  areas  correlate  well  with  the  flow  patterns  sera 
in  NOGAPS  and  with  the  description  of  cyclone  twin  development  given  by  Lander  (1990).  As  the  two 
cyclones  around  155°E  begin  to  dominate,  the  patt^  of  developmrat  is  similar  to  that  observed  with  the 
Russ/Joy  couplet.  The  maximum  westerly  winds  are  concentrated  between  the  two  disturbances,  and  as 
the  storms  develop  and  track  away  from  the  equator,  two  distinct  areas  of  westerly  winds  move  with  them 
(Fig.  15d-f). 


As  seen  in  Figure  6,  the  Northern  Hemisphere  summer  season  rahibits  some  westerly  wind  periods, 
but  the  locations  of  the  stronger  westerlies  are  mostly  north  of  the  equator.  The  only  exception  is  in  the 
latter  part  of  June,  when  a  monsoon  depression  forms  very  near  the  equator.  A  strong  short-lived  burst 
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Fig.  14  -  A  time  series  of  NOGAPS  1000-mb  wind  vectots  slong  die  equator  from  the  eastern  Indian  Ocean  into  the  central  Pacific  Ocean 
from  February  23, 1991*Maich  21, 1991.  Westerly  u-components  greater  than  23  mA  are  contoured  and  shaded  every  23  m/s. 
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of  westerlies  is  evident  at  all  three  latitudes;  2**N,  and  2°S.  Otherwise,  many  of  the  relatively  weak 
westerlies  in  July  through  October,  1991  are  associated  with  developing  northern  hemisphere  tropical 
systems,  including  Typhoons  Amy,  Brendan,  and  Caitlin  in  July,  Typhoon  Ivy  in  early  S^t^ber, 
lyopical  Stmrn  Luke  in  mid*Sq>tember,  Supotyphoon  Mireille  from  mid-  to  late  September, 

Orchid  and  Pat  in  the  first  half  of  October  and  Supertyphoon  Ruth  in  the  latter  half  of  Octobn.  None  of 
the  Northern  Hemisphere  summer  cyclones  had  Southern  Hemisphere  counterparts.  In  most  of  these  cases, 
the  westerlies  are  not  as  estrasive  and  not  as  strong  as  those  events  obsnved  during  the  previous  Northern 
Honi^ere  winter  and  sfHring.  However,  thae  is  some  indication  from  the  buoy  data  that  NOGAPS 
slightly  underestimated  tte  strength  of  the  westo'lies  associated  with  Ivy,  Mireille  and  Ruth  (Fig.  8b). 

What  is  notable  about  the  Septanbo-  and  early  October  series  of  storms  is  that  the  point  of  origin  of  the 
initial  circulation,  as  followed  ovor  time  in  NOGAPS,  is  frequently  sevc^d  degrees  south  and  east  of 
v^ere  JTWC  locates  the  initial  tropical  disturbance.  It  is  often  in  the  early,  pre-disturbance,  stage  of 
cyclone  develc^ment  that  the  westerly  winds  first  appear  in  the  equatorial  wave  guide.  By  the  time  a 
cyclone  reaches  tropical  storm  strengA  and  receives  an  official  name,  it  may  have  moved  a  significant 
(Stance  away  from  the  equator.  In  these  cases,  the  associated  westerly  winds  may  have  likewise  shifted 
in  position.  Ilius,  attempts  to  relate  named  storms  to  particular  observations  of  near-equatorial  westerly 
wi^  could  be  misleading,  since  isolated  data  provide  an  incomplete  picture  of  die  spatial  and  temporal 
evolution  of  the  evmts  and  dieir  connections  to  one  another. 

4.4  Late  FaU  1991 

Tbe  largest  dianges  in  the  easton  equatorial  Pacific,  associated  with  the  1991-1992  El  Nifio,  took  place 
in  Fdiroaiy  and  March  of  1992,  as  can  be  seen  from  the  monthly  sea  surface  temperature  anomalies 
shown  in  Figure  5.  Several  strong  westerly  bursts  in  November,  Deconber,  and  January  preceeded  these 
rises.  Since  the  ocean  response  to  these  western  Padfic  wind  bursts  appears  to  play  a  major  role  in  the 
1991-1992  El  Nifio  (Kindle  and  Phoebus,  1994),  we  will  examine  fte  conditions  surrounding  their 
developmoit  in  detail. 

la  late-Octobo'  and  early  Novonber,  three  tropical  sy^ms  develop  in  rapid  succession  between  S^N  and 
10^  (Fig.  16a,b).  The  first,  Thelma,  forms  around  149*^  on  Octobn  27,  but  Thelma  does  not  intensify 
as  rapidly  or  grow  as  strong  as  the  other  cyclone,  Seth,  which  forms  around  172°E  on  Octobor  28.  The 
diitd  cyclone,  Verne,  is  first  noted  as  a  trqiical  disturbance  on  November  3  at  ITT^E.  All  three  of  these 
cyclones  are  accompanied  by  equatorial  westerlies  during  their  early  stages  of  development,  and  at  times, 
the  storms  are  dose  enou^  together  that  the  individual  westerly  patches  merge  with  one  anothn. 
However,  evm  though  the  westerly  forcing  on  the  equatmrial  ocean  is  extended  far  to  the  east  as  Verne 
devdops,  it  is  of  short  duration,  as  these  storms  move  quickly  to  the  west  and  north. 

Of  particular  interest  in  this  smes  of  analyses  are  the  two  easterly  waves  seen  in  Figure  16c,  one  just  west 
of  the  dateline  and  the  other  at  the  edge  of  the  map  near  160*^.  Cyclonic  circulations  develop  on  these 
waves  over  the  noct  couple  of  days,  and  those  two  features  will  be  maintained  in  the  NOGAPS  analyses 
for  many  days  hrace.  Later  in  November,  these  same  features  will  be  assodated  wi^  a  m^or  westerly 
wind  burst  that  persists  through  the  latter  half  of  the  month.  On  November  10  (Fig.  16d)  three  new 
^drmes  are  forming  to  the  east  of  Seth  and  Verne,  whidi  by  now  have  little  influence  on  the  equatorial 
winds.  The  wave  that  was  near  the  dateline  three  days  ago  is  now  the  cyclonic  circulation  near  160°E, 
while  the  second  wave  now  appears  as  a  coupled  cydonic  circulation  around  170°W.  The  first  appearance 
of  equatorial  westerlies  is  between  fiiis  cyclone  couplet,  a  pattern  we  have  seen  often  in  the  past.  As 
in  the  Russ/Joy  case  (Rg.  10),  over  the  next  few  days  the  westerly  patch  extends  westward,  with  the 
maximatn  wind  speeds  still  between  the  cydones  (Fig.  16e).  However,  in  this  case  the  westerly 
expansion  is  probably  aided  by  the  continued  westward  movement  of  the  first  vortex,  which  is  now  a 
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tro^cal  dbtmbiace  (WUda)  locited  jost  east  of  140‘E.  As  Wilds  continues  to  develop  and  track  to  die 
BOcOwest,  die  westeriy  aloiig  t^  equator  tengdiens,  extmding  from  13S"E  to  well  past  the  dateline 
by  November  15  (Ffg.  161).  During  diia  same  period,  &e  westerlies  intmsify  and  Tia  readies  trt^inl 
stofia  streogdi  in  ^e  Souttem  Hemiqdiere. 

On  November  16,  JTWCbt^iaa  traddng  an  area  of  deqi  convection  at  S*’N,  172*^,  near  the  northern 
cydone  that  has  pmshited  in  NOGAFS  since  November  10.  The  northern  disturbance  (Yuri)  drifts  slowly 
westward,  while  Ha  intensifies  rapidly,  readiing  Tropical  Cyd<me  (Typhoon)  status  by  OCKZ  on  the  17di 
(Fig.  17a).  As  we  have  seen  in  odier  cases,  as  Tia  strengthens  and  moves  away  from  the  equator,  the 
weateriy  wind  qpeeds  also  increase,  but  the  wind  maximum  follows  the  storm  (Fig.  17a, b).  Meanwhile, 
die  wenteriies  h^e  increased  south  of  udiat  is  now  a  tropical  dqnession  in  the  Northern  Hemis{diere.  By 
Novembm  21,  Tia  is  disa^ting,  but  the  weateriy  fddi  alcmg  the  equator  continues  to  increase  and  extmds 
wdl  east  of  tte  two  cyclnes  (Fig.  17c).  However,  the  tropical  dqiression  does  not  reach  trtqiical  storm 
atreagdi  uadi  Novemto  23,  by  idiich  time  die  westerly  patch  has  weakmed  overall,  with  die  sdxmgest 
winds  ctwHaed  to  die  region  aoutt  of  Yuri  (Fig.  17d).  Yuri  continues  to  develop  rapidly,  reaching  typhomi 
intmaity  at  18Z  <m  Novonber  24.  Typhoon  Yuri  acceloates  as  it  tracks  to  the  northwest,  while  the 
fliWAdwM  band  of  equatorial  westerlies  retreats  with  the  storm  (Fig.  17e).  Also,  a  new  tiqpical  disturbance 
has  fcnmed  near  4^,  182*E  and  is  accompanied  by  a  band  of  westerlies  along  its  southern  inflow  region, 
thus  begfauung  the  cycle  anew  (Fig.  17f).  This  dqiression  becomes  Typhoon  Zelda  on  the  29di. 

What  is  remarkable  about  diis  last  series  of  figures  is  the  number  of  storms  that  formed  near  the 
equator  in  close  successkm,  resulting  in  almost  ccmtinaous  west^ly  fturcing  on  the  ocean  during  the  month 
oi  November.  Fbrttiermore,  Supertyphoon  Yuri  was  traced  back  in  the  NOGAFS  analyses  to  an  easterly 
wave  diat  was  first  detected  on  November  7, 1991-17  days  befcne  Yuri  became  a  tropical  storm.  Prior 
to  die  initial  insertkm  of  syndic  data  for  Yuri  on  OOZ,  Novonber  24,  NOGAFS  analyzed  a  circulation 
in  ^  position  where  the  storm  initially  devetoped,  utilizing  only  die  standard  suite  of  observations  that 
are  available  to  all  of  die  operational  centers,  plus  the  SSM/I  wind  speed  observations.  The  TAO  buoy 
observations  were  not  avaiUile  in  real-time  via  GTS  during  this  period. 

Aldtoogh  the  westerlies  often  qipear  btfore  the  initial  tropical  disturbance,  we  have  abo  observed 
that  the  larger-scale  cydones  are  present  in  the  model  prior  to  development  of  the  intial  disturbance,  hi 
the  model,  at  least,  the  westerlies  are  devdoping  in  syndinmization  with  the  tropical  cyclones.  Figure  18 
illustrates  diis  point  by  oraqiaring  a  time  series  of  the  zonal  and  total  wind  speeds  at  two  single  points 
along  the  equator  to  fte  time  Unes  showing  the  developmoital  stages  of  Verne,  Tia,  and  Yuri.  The  first 
burst,  which  is  most  evidoit  at  17013  (Hg.  18a),  begins  on  November  3,  just  as  the  new  tropical 
disturbance  (Vmne)  is  first  noted  around  1771E.  The  westerlies  increase  as  Veme  progresses  to  a  trc^ical 
depremfom  <»  the  4th  and  passes  to  the  west  of  170°E.  As  Veme  continues  to  move  farther  away  ftom 
170^  the  westerlies  rafHdly  disappear.  The  peak  in  westerly  wind  speed  at  160°E  (Hg.  18b)  on 
Noveitiber  5  is  associated  with  the  approadi  of  Veme,  and  again,  the  equatorial  westerlies  decrease  as 
Veme  moves  nortii  of  10”N  and  west  of  160"E. 

The  second  westedy  burst  begins  on  Novemb^  lOth-1 1th,  as  NOGAFS  begins  to  analyze  the  cydone 
coiqilet  just  east  oi  tiie  datdine.  The  wind  qieeds  incxease  as  tropical  disturbance  Tia  forms  near  165*^ 
on  Noveiidicr  12.  Tia  readies  tropical  storm  stroigth  beftne  OOZ  on  November  14  and  moves  almost  due 
east  until  it  teaches  trcqiical  qrdone  strength  on  the  16th.  By  that  time  Ha  is  just  east  of  170*%  and  still 
nortii  of  10”S  and  tiie  westerly  winds  ate  teaching  their  peak  (Fig.  18a).  Tia  begins  to  move  almost  due 
soutt  diont  tiie  —mg  time  as  tiie  anotiier  disturbance  (Yuri)  develops  in  the  Northern  Hemi^hne.  The 
westedy  winds  at  179*E  increase  again  (Fig.  18b)  as  Yuri  t^ts  slowly  westward  fi^om  its  initial  position 
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near  172*E.  Yuri  intensifies  to  a  tropical  dejmssion  (»  the  18th  and  finally  inaeases  to  tropical  storm 
strength  cm  November  23rd.  The  slow  westward  motion  of  Yuri  finally  results  in  a  decrease  in  westerly 
wind  stroigth  at  170*^,  while  at  160*^,  the  westerlies  are  sustained  throughout  the  period,  with  a  slight 
increase  mi  die  23rd  and  anodmr  on  the  25th  as  Typhoon  Yuri  passes  by  IdO^E.  Aftm  Yuri’s  passage, 
die  wellies  disappear  altogether. 

Figure  19  shows  a  time  series  of  the  wind  vectms  almig  the  equator  in  the  eastern  Indian  and  western 
Pacific  oceans  for  the  month  of  November,  1991,  with  die  u-components  shaded.  Once  again,  die  strongest 
signal  observed  is  the  propagation  of  the  westerly  winds  from  east  to  west  in  both  the  Indian  Ocean  and 
the  western  Pacific,  which  implies  an  assodatimi  with  die  movemmt  of  the  tropical  cyclones.  However, 
in  this  case,  unlike  March  1991,  there  is  some  evidmioe  of  a  signal  propagating  from  the  Indian  Ocean 
into  the  Pacific  Ocean  as  well,  particularly  if  we  cmisider  diat  such  a  signal  might  earily  be  lost  as  it 
passes  over  the  fridonesian  land  masses  (100-12S*T[).  A  longer  time  smies  would  be  required  to 
definitively  pick  up  such  a  signal,  but  we  can’t  rule  out  the  possibility  that  the  westerly  burst  and 
associated  cydone  activity  is  enhanced  by  an  intraseasonal  osdllation. 

In  early  December,  a  southerly  and  easterly  cross-equatorial  flow  is  present  in  the  westmn  Padfic, 
and  on  December  3,  a  new  cyclmie  appears  in  NOGAPS  just  east  of  the  dateline  in  the  southern 
hemisphme  (Rg.  20a).  Westerly  wind<-  extend  into  the  cmtral  Pacific  in  the  area  from  O-lCS.  On 
December  4,  the  westmly  wind  speeds  increase,  with  a  maximum  zonal  component  of  10  m/s  near  S'S, 
as  the  southern  hemisphere  cydone  becomes  a  tropical  dqpression.  Another  Southern  Hemisphere  wave 
is  apparent  around  195"E,  and  westerlies  extend  to  20'’E  nordi  of  this  area,  still  mostly  south  of  die 
equator.  By  December  5  (Fig.  20b),  the  large  fetdi  of  westerlies  flows  well  past  the  dateline  into  die 
center  of  a  new  Southern  Hemisphme  cydone  near  10*^,  160'’W.  These  two  Soutbmn  Hemi^ere 
circulations  develop  into  lYqiical  Cydones  Val  and  Wasa,  and  analyzed  westerlies  sometimes  reach 
speeds  of  25  m/s.  On  December  9  (Fig.  20c),  the  two  storms  are  locat^  within  10  degrees  longitude  of 
one  another.  As  Val  and  Wasa  move  southeastward  away  from  the  equator,  the  flow  across  the  equator 
beemnes  more  northwesterly.  On  December  14,  die  remnants  of  Wasa  regenerate  near  22°S,  150'’W  to 
become  Tropical  Storm  Arihur,  which  trads  northeast  before  dissipating  on  the  17th. 

As  can  be  seen  from  Hgures  6  and  7,  the  westaly  burst  associated  with  Val  and  Wasa  was  much 
stronger  in  the  Southon  Hemisphov  than  along  the  equator,  where  winds  were  gmierally  from  die 
nmthwest  However,  these  two  storms  are  significant  in  dut  they  formed  east  of  the  dateline,  a  phenomena 
ofioi  observed  in  El  hfifio  years  (Revell  and  Coulter,  1986),  and  the  associated  equatorial  westerly 
anomalies  extended  much  frirtha  into  the  Padfic  basin  (to  160*W).  As  described  in  Kem  (1988),  the 
extmisimi  of  the  westerly  anomalies  into  the  central  Padfic  is  regarded  as  an  important  element  in  the 
triggering  of  El  Niiio  episodes  and,  as  discussed  by  Kindle  and  Phoebus  (1994),  is  a  key  factor  in 
govemiitg  the  diff^nt  equatorial  ocean  responses  daring  the  1990-1S)91  and  1991-1992  seasons.  Further 
siqiport  for  this  idea  is  provided  by  the  last  smes  of  westo-ly  wind  bursts  in  this  study,  which  occurred 
as  two  diffaent  Nmthem/Southem  Hemisphere  couplets  developed  near  and  east  of  the  ^teline  in  January 
and  early  February  of  1992. 
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a)  03  DEC  91  b)  05  DEC  91 


Eariy  Winter  1992 

The  first  westerly  winds  of  this  next  series  appeared  along  the  equator  in  NOGAPS  on  December  25, 
at  ^ich  time  there  was  a  weak  coupled  circulation  evident  near  170*^  in  the  two  near-equatorial  troughs 
(Fig.  21a).  Ibe  westerlies  increase  in  strength  as  this  couplet  moves  west  and  on  Dumber  29,  the 
strcmgest  westralies  extend  along  the  equator  from  12S*’E,  terminating  near  the  couplet  at  160°E.  Weaker 
westerlies  are  evident  in  the  equatorial  waveguide  as  far  east  as  175°E,  where  NOGAPS  is  beginning  to 
analyze  anothor  coupled  circulation  (Fig.  21b,c).  Ova  the  n^  several  days,  the  zonal  component  of  the 
wind  strengthens  and  by  December  31,  westerlies  extend  from  the  southern  Indian  Ocean  into  the  western 
Pacific.  Speeds  along  Ae  equator  continue  to  increase,  and  by  January  2,  exceed  10  m/s.  tbese  strong 
westalies  extend  all  the  way  to  the  dateline,  where  die  second  cyclcme  couplet  is  now  very  well-defined 
(Fig.  21d). 

Once  again,  we  have  the  classical  development  of  a  pair  of  tropical  cyclone  twins.  Axel,  in  the 
Northern  Hemisphere,  develops  slightly  before  Betsy,  in  the  Southern  Hemisphere  (Fig.  21e).  In  this  case, 
there  appears  to  have  been  a  true  surge  in  the  westerly  winds  pricv  to  the  cyclone  development,  with 
higher  wind  speeds  first  evident  around  140°E  and  later  analyzed  further  to  the  east.  The  stronge^^ 
westalies  are  present  between  the  two  cyclones,  but  do  not  extend  as  far  to  the  west  as  they  did  earlier. 
The  westerlies  continue  to  increase  in  strength,  however,  as  the  northern  storm  becomes  T^hoon  Axel 
on  January  7,  followed  by  Tropical  Cyclone  Betsy  in  the  Southon  Honisphere  on  January  8.  Another 
pocket  of  westerlies  south  of  the  equator  becomes  more  prominoit  as  tropical  depression  Mark  forms  and 
moves  over  the  Gulf  of  Carpentaria. 
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As  the  Axel/Betsy  couplet  begins  to  separate,  the  strongest  westerlies  are  drawn  off  the  equattn'  and 
the  fetch  is  reduced  as  the  storms  also  move  westward  (Fig.  21f).  The  equatorial  westerlies  are  gradually 
replaced  by  easterlies,  as  we’ve  seen  in  so  many  other  cases.  S(»ne  westerlies  remain  along  the  equator 
over  the  next  several  days,  south  of  dissipating  Typhoon  Axel,  whidi  doesn’t  cross  >oi1h  of  10°N  until 
January  12.  While  the  westerly  burst  associated  with  the  formation  of  Axel  and  Betsy  was  not  as 
long-lived  as  the  burst  in  November,  the  January  burst  provided  the  strongest  equatorial  forcing,  in  terms 
of  zonal  wind  speed,  that  we  have  observed. 

In  mid-January,  the  Australian  monsoon  flow  extends  into  the  central  South  Pacific  and  shifts 
northward.  By  January  16,  very  zonal  westerly  winds  with  speeds  approaching  IS  m/s  extend  as  far 
eastward  as  16S*’W,  terminating  near  the  point  where  tropical  depression  13P  is  located  (Fig.  22a).  By 
January  18,  the  depression  is  upgraded  to  a  tropical  storm,  and  unlike  other  cases  we’ve  observed,  this 
time  the  maximum  winds  do  not  move  off  the  equator  with  the  storm  (Fig.  22b).  Rather,  the  strongest 
westerlies  remain  well  established  between  the  two  near-equatorial  trou£^.  By  January  23,  the  Southon 
Hemisphere  westerlies  extend  well  past  the  dateline  (Fig.  22c).  NOGAPS  begins  to  form  a  pair  of  coupled 
cydones  in  these  troughs  (Fig.  22d),  even  as  the  flow  in  the  western  part  of  the  domain  is  rq)laced  by 
easterlies. 

Although  the  southern  circulation  does  not  develop  into  a  tropical  cyclone,  the  northern  cyclone 
rapidly  intensifies  to  become  a  rare  January  hurricane  in  the  central  PadHc.  Equatorial  westerly  forcing 
on  the  ocean  inaeases  as  this  development  occurs  (Fig.  22e,f).  Hurricane  Ekeka  spends  most  of  its  life 
south  of  lO’N,  and  weakens  significantly  after  it  <xosses  the  dateline.  The  westerlies  are  soon  replaced  by 
weak,  disorganized  flow  all  along  the  equatorial  region.  A  few  days  later,  Tiropical  Cyclone  Qiff  forms 
in  the  central  south  Paciflc  around  ICS,  145**W,  even  furth^  east  than  Ekeka. 

As  we  have  seoi,  the  end  of  1991  into  early  1992  was  dominated  by  a  series  of  strong  westoly  wind 
bursts  along  the  equator.  The  event  of  longest  duration  was  associated  with  the  development  of 
Supertyphoon  Yuri,  while  later  bursts  were  associated  with  cyclones  that  developed  progressively  further 
to  the  east.  The  last  storm  of  the  series  studied  formed  well  east  of  the  dateline,  as  did  the  pair  of  Southern 
Hemisphere  cyclones  in  early  December.  As  discussed  in  Kindle  and  Phoebus  (1994),  this  series  of 
westaly  wind  bursts  from  November  to  mid-January  provided  a  pow^ul  punch  to  the  equatorial 
waveguide,  resulting  in  the  largest  Kelvin  wave  response  during  the  1991-1992  El  Niflo. 

5  DISCUSSION 

In  case  after  case  of  model-dqiicted  westerly  wind  events,  the  pattern  repeated  is  much  the  same,  with 
a  few  exceptions.  The  majority  of  the  time,  the  westerlies  develop  in  conjunction  with  a  developing 
tropical  cyclone  or  cyclone  pair.  Westerlies  flrst  appear  as  a  low-level  cyclonic  drculation  develops  on 
an  easterly  wave  or  in  one  of  the  shear  zones  associated  with  the  monsoon  or  near-equatorial  troughs.  As 
the  circulation  persists,  the  westerlies  become  more  extensive  and  inarease  in  speed,  often  prior  to  the  time 
the  drculation  becomes  a  named  tropical  storm.  As  the  cyclone  intensifies,  so  do  the  equatorial  westerlies, 
with  the  maximum  westerly  winds  analyzed  by  NOGA)^  during  the  stronger  stages  of  the  storm.  In  the 
later  stages,  however,  the  eastward  extent  of  the  westerlies  retreats  as  the  tropical  cyclones  strengthen  and 
move  away  from  the  equator.  Since  the  wind  maximum  also  follows  the  storm,  this  retreat  is  often 
accompanied  by  decreasing  wind  speeds  along  the  equator.  In  the  cases  where  equatorial  west^lies  are 
not  associated  with  developing  tropical  storms,  there  may  still  be  other  low-level  circulations  obsoved  in 
Uie  NOGAPS  analysis  or  active  convective  areas  present.  In  relatively  few  cases,  there  are  no  analyzed 
cydtmes  and  the  west^lies  are  associated  only  with  strong  monsoon  flows  or  the  presence  of 
near-equatorial  troughs  in  eadi  hemisph^e. 
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Fig.  22  -  Same  u  Fig.  9,  but  Cor  a)  January  16, 1992,  b)  January  18, 1992,  c)  January  23, 1992. 
d)  January  27, 1992,  e)  January  30, 1992,  f)  February  2, 1992 
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Fig.  23  NOGAFS  lO^n  zonal  wind  component  at  0*N,  156*E,  with  a  three-day  filter  applied.  Tropical  (^donea  aaaodated  with 
particular  wcaterly  wind  butaia  ate  noted,  witti  Southern  Hemisphere  storms  in  italics  and  dual-hemisphere  couplela  hyphenated. 


A  time  series  of  dte  10-m  zonal  wind  component  at  156°E,'’0°N  is  shown  in  Figure  23,  annotated 
widt  die  names  of  the  tropical  systems  that  were  associated  with  particular  westo’ly  evrats.  The 
correspondence  is  higher  than  the  40%  association  reported  by  Harrison  and  Giese  (HG;  1991),  particularly 
for  cases  whoe  the  zonal  wind  component  exceeds  3  m/s.  All  but  one  of  the  westerly  wind  events  with 
zonal  wind  speeds  exceeding  S  m/s  are  associated  with  developing  tropical  cyclones  during  the  poiod 
firom  October  1990  through  February  1992.  At  3  m/s,  the  incidence  of  tropical  storms  developing  in 
ctmjunction  with  WWB  is  still  89%. 


This  diCEeroice  could  be  a  result  of  several  factors.  First,  of  course,  our  study  only  encompasses  a 
period  of  about  13  years,  while  HG  used  233  years  of  data.  But  the  standards  used  to  detmnine  an 
association  were  also  quite  diffaent.  HG  relied  on  certain  predefined  criteria:  the  observed  westtf ly  winds 
at  islands  near  175”E  had  to  occur  within  7  days  of  a  named  storm,  and  the  storm  had  to  be  located 
between  20”S-20‘‘N,  160'^-160*1B  at  the  time  it  was  named.  On  the  other  hand,  we  determined  the 
association  by  traddng  the  vortices  over  their  ratire  life  cycles  from  series  of  NOGAPS  analyses.  In  some 
cases,  the  initial  tropical  disturbances  and  dqiressions  persist  for  more  than  7  days  before  readiing  tropical 
storm  (named)  strragth.  During  this  early  stage,  the  developing  cyclones  may  change  position  dramatically, 
particolarly  in  die  east-west  direction  (Table  3).  Thus,  a  westerly  wind  observed  at  170°£  may  be 
associated  with  a  circulation  that  8  days  later  becomes  a  tropical  storm  at  140°E.  For  example,  Page  was 
tmkied  for  17  days  before  it  reached  tropical  storm  strength.  During  that  time,  it  moved  more  than  2300 
tan  to  die  west  Even  Vanessa,  which  was  named  on  the  fifth  day  of  its  existence,  moved  over  27  degrees 
of  kn^itnde  during  those  first  five  days.  Large  changes  in  latitude  can  also  take  place  during  the  early 
stages  of  ticqiical  eyedeme  development  The  latitude  range  of  20  degrees  used  by  HG  is  significant  only 
if  die  tn^cal  stcums  forming  near  that  latitude  ^nt  the  earlier  part  of  their  existence  close  to  the  equator. 
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Table  3  -  Tropical  Cydone  Fonnation  CSuncteristica  of  Noftheni  Hemispbere  Stonna  Associated  with  Equatorial  Weateriies 


Location  Where  Formed 

Storms 

Ujggijgigi 

Latitude 

Longitude 

Days  Elapsed 

—  1  m\  \  1 

mamLm 

■mu 

3 

Page 

8N,  1<7E 

ION,  144E 

12N,  138E 

17 

Owen 

7N,  197E 

ION,  166E 

ION,  165E 

^B^^B 

8 

Rnss 

4N,  173E 

5N,  170E 

8N,  159E 

2 

Sharon 

4N,  157E 

7N,  146E 

11“ 

5 

Thn 

3N,  166E 

8N,  155E 

14N,  153E 

11“ 

4 

Vanessa 

4N,  145E 

12N,  118E 

8“ 

27“ 

6 

Watt 

5N,  152E 

8N,  150E 

IIN,  145E 

3" 

2“ 

3 

Amy 

12N,  148E 

15N,  134E 

18N,  128E 

3“ 

14“ 

4 

Brendan 

7N,  153E 

17N,  126E 

17N,  123E 

10“ 

27“ 

7 

Caitlin 

5N,  157E 

14N,  132E 

19N,  129E 

9“ 

25“ 

6 

Ivy 

7N,  165E 

9N,  153E 

15N,  148E 

2“ 

12“ 

4 

Luke 

14N,  148E 

18N,  138E 

4“ 

10“ 

2 

Oreille 

12N,  172E 

14N,  161E 

15N,  157E 

2“ 

11“ 

3 

Orchid 

13N,  149E 

19N,  142E 

19N,  134E 

6“ 

7“ 

4 

Pat 

8N,  163E 

15N,  158E 

16N,  152E 

7“ 

5“ 

5 

Ruth 

6N,  156E 

IIN,  143E 

13N,  141E 

5“ 

13“ 

5 

Seth 

8N,  172E 

8N,  157E 

13N,  150E 

0“ 

15“ 

4 

Thelma 

6N,  149E 

13N,  128E 

7“ 

21“ 

8 

Veme 

7N,  177E 

14N,  154E 

7“ 

23“ 

5 

Wilda 

8N,  141E 

IIN,  129E 

3“ 

12“ 

3 

Yuri 

4N,  172E 

5N,  1€6E 

7N,  162E 

1“ 

6“ 

8 

Zelda 

4N,  182E 

8N,  173E 

9N,  166E 

4“ 

9“ 

5 

Axd 

3N,  176E 

6N,  176E 

6N,  170E 

3“ 

0“ 

4 

Ekeka 

5N,205E 

5N,  202E 

6N,  197E 

0“ 

3“ 

3 

Otheiwise,  it  is  highly  unlikely  that  stonns  fonning  north  of  IS^N  would  be  assodated  widi  equatorial 
west^lies.  In  the  case  of  Luke  and  Orchid,  our  two  northernmost  storms,  the  initial  circulations  that 
preceeded  the  disturbances  were  even  further  south  than  the  initial  positions  shown  in  Table  3. 

While  a  large  percentage  of  the  westerly  wind  events  are  associated  with  named  tropical  cyclones. 
Kindle  and  Phoebus  (1994)  show  that  the  westerly  wind  bursts  that  produce  a  signincant  response  in  the 
ocean  are  all  associated  with  tropical  storm  systems  and,  in  most  cases,  with  tropical  cydone  couplets. 
This  result  is  consistent  with  the  climatology  of  west^ly  wind  events  developed  by  Ke«i  (1988),  whidi 
showed  that  the  strongest  westerly  events  were  assodated  with  tropical  cyclone  pairs.  Since  Ute  ocean 
response  is  driven  by  the  surface  wind  stress,  which  is  proportional  to  the  square  of  the  wind  speed,  we 
have  computed  the  zonal  component  of  the  wind  stress  from  the  10-m  winds  using  a  drag  coeffidrat  of 
0015.  The  truly  significant  westerly  wind  bursts  are  highlighted  in  Figure  24a,b,  whidi  compares  the 
surface  wind  stress  along  the  equator  at  156°E  to  that  at  16S**E.  Bursts  producing  a  stress  in  excess  of 
0.05  pascals  w»e  assodated  with  tropical  cylones  in  every  case  but  one  (a  monsoon  depression  that 
form^  in  June,  1991). 


Wind  Stress  (pascals)  Wind  Stress  (pascal 
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The  official  points  of  origin  of  the  tropical  cyclones  associated  with  the  major  bursts  in  Figure  24 
are  shown  in  Figure  2Sa;  Ekeka  and  Wasa  are  also  included  here,  even  though  their  influence  on  the  wind 
field  was  furtha  east  Intoestingly  enough,  all  but  one  of  these  storms  reached  typhoon  or  supertyphoon 
strength,  and  all  fcnmed  east  of  150'*E  and  near  the  equator,  between  IS^S  and  10°N.  If  we  expand  our 
view  and  look  at  the  points  of  origin  for  all  the  1991  western  North  Pacific  storms  (Fig.  2Sb),  we  see  that 
a  large  numbw  of  them  fcmned  east  and  south.  In  particular,  the  storms  associated  with  equatorial  westerly 
wind  bursts  formed  east  of  140°E  and  south  of  1S°N.  Even  within  this  area,  the  few  northernmost  and 
westernmost  disturbances  were  preceded  by  tropical  drculations  that  in  the  model  fields  were  initially 
located  east  and  south  of  their  ofiidal  point  of  origin.  A  similar  eastward  and  equatorward  shift  in  tropical 
cyclone  activity  during  El  Nifio  years  was  observed  by  Revell  and  Coulter  (1986)  using  South  Pacific 
storm  data  from  1939  to  1984  and  by  Chan  (1985)  using  North  Pacific  storm  data  from  1948-1982. 
Interestingly  enough,  studies  that  have  attempted  to  correlate  the  total  number  of  tropical  cyclones  with 
ENSO  have  actually  noted  a  decrease  in  activity  during  a  major  warm  event  (Solow  and  Nichols,  1990; 
Chan,  1985). 


150  160  170  180  190  200 


E  LONGITUDE 


E  LONGITUDE 


Fig.  25  -  PoiiilB  of  origin  for  (a)  the  tropical  cydooea  Uiat  were  aasodated  with  the  majcw  westerly  wind  bursts  seen  in  Fig.  24, 
and  (b)  the  1991  nortfaweatem  ftdfic  tropical  qrdonea.  In  (a),  supeityphoons  are  indicated  with  a  •»’,  typhoons  with  an  X,  and 
depreaaioiii  widt  an  *.  In  (b),  tropical  cydonea  aasodated  with  westerly  wind  bursts  are  marked  with  an  X. 
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As  part  of  this  rtudy,  we  looked  at  stonn  tracks  from  the  last  two  decades  to  determine  if  the  patterns 
obaoved  ia  1991  could  be  seen  in  other  yean.  Looking  at  just  the  total  number  of  tropical  cyclones  in 
die  Nwdi  Pac^c  (uj^  curve,  Hg.  26),  there  is  no  dear  relationship  between  tropical  cyclone  activity 
and  &e  El  NiAo  periods  (1972-1973,  1976-1977,  1982-1983,  1986-1987,  1991-1992).  But,  when  we 
include  only  the  number  of  tropical  cydones  that  form  south  of  12°N  and  east  of  certain  longitudes  (lower 
curves,  Rg.  26),  a  more  distinct  patton  emerges.  Tropical  cydone  activity  in  this  region  peaks  in  the 
years  that  mark  the  beginnings  of  the  warm  cydes  (1972,  1976,  1982,  1986,  1991)  and  declines  during 
die  major  cold  cydes  (1973, 1975, 1984-1985, 1988). 

Figure  27a  compares  the  number  of  N<^em  Hemisphere  cyclones  south  of  12'’N  and  between 
145-180”B  directly  to  the  Niflo  3  SST  anmnaly  indmc  from  the  eastern  equatorial  Pacific.  There  is  a 
striking  similarity  in  these  two  curves.  Even  the  moderately  warm  period  from  late  1978-1980  is  reflected 
by  a  reladvdy  higher  level  of  western  Pacifrc  cydcme  activity  in  this  region,  while  the  increase  in  SST 
anomalies  in  early  1974  could  also  be  related  to  the  less  significant  peak  in  tropical  storm  activity  that  is 
inesent  at  diat  time.  The  maximum  warming  in  the  Nifio  3  area  occurs  in  the  latter  quarters  of  197^  1976, 
and  1982;  in  the  first  month  of  1992;  and  in  the  third  quarter  of  1987.  Thus,  in  each  instance,  the  eastward 
and  equatorward  shift  in  tropical  storm  activity  in  Ae  western  North  Padfic  occurs  prior  to  the  peak 
warming  in  the  eastern  Padfic. 


Fig.  26  -  Number  of  weatem  Fudfic  tn^cai  qrdones,  by  year,  that  Conned  in  particular  areas, 
compared  to  die  total  number  Cor  the  year,  as  tracked  by  JTWC 
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ftf.  27  -  (a)  Mombly  aea-wifkoe  lempcniiite  aaomalict  In  the  Niflo  3  region  (soiid  curve)  oompared  to  the  annua]  number  of 
trapiori  ^cliaiiM  IndEBd  by  JIWC  between  0*-12*N  and  145*-180*E  (dashed  curve),  (b)  Same  as  (a),  but  for  the  Nifio  4  region 
li  tte  oanlnd  PhdQe. 


Number  of  Storms  (dashed)  Number  of  Storms  (dashed) 
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Geaerally,  the  shift  in  tropical  sUmn  locations  occurs  in  the  years  when  the  central  Pacific  SST 
anrnnaly  is  becoming  inaeasin^y  positive  (Fig.  27b)  but,  with  the  exception  of  1982,  has  not  yet  reached 
a  maximum.  Table  4  shows  ftiat  during  these  years,  the  development  of  tropical  cyclones  in  the  area 
bmmded  by  0-12"N  and  145-180^  occurs  throughout  the  year,  in  nearly  every  month,  with  clusters  in 
die  latter  half  of  1972, 1986,  and  1991  and  the  middle  of  1982.  It  is  possible  that  these  clusters  are  related 
to  the  warmer  SSTi.  On  the  odier  hand,  in  1976  the  SST  anomaly  didn’t  become  positive  until  late  in  the 
year,  but  a  substantial  number  of  trqiical  cyclones  formed  early  in  the  year  while  negative  SST  anomalies 
were  {uesent  in  the  cmitral  Pacific.  However,  we  hesitate  to  draw  any  conclusions  from  this  comparison, 
since  the  NiJIo  4  index  covers  an  area  that  only  partially  coincides  with  the  region  of  cyclone  fcxmation. 
That  aside,  our  primary  interest  is  still  in  the  ocean  re^nse  to  the  shifts  in  tropical  cyclone  formation 
patterns  and  die  associated  equatorial  westerlies. 


Table  4  -  Monthly  Diatributioa  of  Tlopicil  Disturbaooes  that  Fonned  in  the  Area  bom  0'12*N,  14S-180*E, 

aa  Tracked  by  the  JTWC  in  Guam 


1972 

1976 

1982 

1986 

1991 

January 

1 

1 

0 

0 

0 

February 

0 

1 

0 

1 

0 

March 

1 

0 

3 

0 

2 

^iril 

0 

1 

0 

1 

1 

hfay 

1 

1 

1 

1 

1 

June 

2 

1 

1 

1 

0 

July 

3 

2 

3 

2 

3 

August 

2 

1 

3 

1 

0 

SqjtembCT 

2 

2 

1 

2 

2 

October 

2 

1 

2 

3 

3 

November 

2 

1 

1 

4 

5 

December 

1 

0 

0 

3 

0 

If  we  assume,  based  on  die  data  from  1991,  that  most  of  the  tropical  cyclones  forming  near  die 
equator  east  of  145^  in  die  western  Fhdfic  were  accompanied  by  westerly  winds  in  the  equatorial 
waveguide,  we  can  argue  for  a  plausible  connection  between  western  equatorial  Pacific  wind  anomalies 
and  eastern  equatorial  Pacific  warming.  Howevor,  we  do  not  argue  that  each  of  these  tropical  cyclones 
will  have  an  impact  on  the  eastern  Pacific  ocean.  Easterly  wind  stress  forcing  in  the  central  and  eastern 
Pacific  certainly  may  counteract  the  initial  downwelling  pulse.  But  we  do  believe  that  an  increase  in  the 
xauBbet  of  storms  or  die  frequmicy  of  storms  near  the  equator  and  near  the  dateline  increases  the 
probability  of  stnmg  westerly  forcing  oa  the  equatorial  ocean  which,  through  the  generation  of  equatorially 
trapped  Krivin  waves  and  ancunalous  easterwardly  currents,  increases  the  likelihood  that  ocean 
tenqimtures  will  rtee  in  the  central  and  eastern  tropical  Pacific  Ocean.  Given  the  sparse  observational 
ndwork  and  the  absence  of  accurate  modd  data  until  fairly  recently,  the  tropical  cyclone  records  may 
provide  anoUier  scmrce  of  data  that  can  be  used  to  infer  the  presrace  of  westn iy  winds  in  the  equatorid 
wav^ide. 

What  is  not  dear  from  this  study  is  whetho:  the  warm  ENSO  cycle  can  be  explained  entirely  by  a 
propoly  timed  series  of  westnly  wind  events,  as  proposed  by  Keen  (1982)  and  Ramage  (1986),  or 
wh^er  dm  large  increase  in  SST  is  due  to  westerly  wind  forcing  superimposed  on  some  longer 
waveloigdi  signal.  Since  we  have  concentrated  only  on  the  synoptic-scale  events,  we  cannot  address  the 
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nature  of  the  longer-scale  signals.  However,  in  the  foUow<cn  study  we  have  observed  that  a  sequence  of 
storms,  successively  devel<^mg  eastward  of  the  previous  storm(s)  a  month  or  so  later,  could  account  for 
much  of  the  anomdous  warming  in  the  eastern  Pacific  (see  K^dle  and  Phoebus,  1994).  Similarly,  the 
absoice  of  such  a  scoiario  could  account  for  the  failure  of  an  anticipated  El  Niilo  to  appear,  as  was  the 
case  in  1990-1991. 

One  difference  that  is  evident  between  the  Norths  Hemisphere  winters  of  1990-1991  and  1991-1992 
is  that  in  the  form^,  following  the  Russ/Joy  cyclone  couplet  in  December,  1990,  no  other  storms 
developed  until  March,  1991,  when  the  Sharon^lvin  couplet  formed.  However,  during  the  latter  season, 
the  tropical  storms  and  their  associated  westerly  wind  bursts  appeared  in  October,  and  at  least  one  major 
stmrn  developed  near  the  equator  in  each  succeeding  month,  up  to  and  including  February,  1992.  Several, 
but  not  all,  of  these  storms  were  coupled  with  Soudion  Hemisph»e  cyclones.  We  also  observed  an 
eastward  shift  in  development,  with  the  early  signs  of  Yuri  (November  1991)  first  seen  around  170°W, 
and  Val  and  Wasa  (December  1991)  forming  in  the  Southern  Hnnisphere  east  of  the  dateline.  The 
December-January  couplet.  Axel  and  Betsy,  developed  near  ITO'^,  followed  by  another  coupled  cyclone 
pair  around  200°E  that  produced  Ekeka  in  late  January/early  February.  In  late  1990,  no  storms  formed 
east  of  the  dateline.  This  eastward  shift  is  also  reflected  in  Hgure  24.  The  surfoce  wind  stress  at  165'*E 
is  dominated  by  the  westerly  bursts  during  the  lattn  part  of  1991  and  early  1992,  whereas  the  zonal  wind 
stress  at  ISd^E  is  strong  in  both  late  1991  and  late  1990. 

Another  noticeable  difference  between  the  two  seasons  is  that  even  though  Supertyphoons  Mike, 
Page,  and  Owen  produced  strong  westerlies,  they  genmlly  developed  further  ncaih  than  Yuri,  Axel,  and 
Ekeka.  Furthermore,  Owen  was  the  only  storm  in  the  first  series  that  had  a  Southorn  Hemisphere 
counterpart  Table  3  summarizes  the  pattom  of  development  of  the  westerly  wind  burst  storms  by  giving 
the  aj^Toximate  latitudes  of  the  initial  disturbance,  the  initial  tropical  storm,  and  its  position  when 
upgraded  to  a  typhoon,  if  that  occurred.  The  storms  associated  with  the  strongest  westerly  bursts  are  shown 
in  bold-face  type.  Note  that  they  all  became  tropical  storms  befcne  moving  north  of  lOT*!,  while  few  of 
the  stonns  associated  with  the  weaker  events  did.  Furthermore,  the  storms  proceeding  the  1991-1992  El 
Nifio  reached  typhoon  stage  while  still  located  v^  near  the  equator.  Thus,  the  major  westerly  wind  bursts 
at  the  md  of  1990  were  not  only  confined  further  to  die  west,  but  diey  were  not  as  concentrated  along 
the  equator  as  those  associated  with  the  1991-1992  fdl  and  winter  seasons’  storms. 

While  we  have  shown  that  th«e  is  a  clear  assodation  between  tropical  cyclone  activity  and  equatorial 
westerly  wind  events  in  the  western  Padfic,  the  exact  nature  of  Uiis  relationship  is  still  uncertain  and  will 
require  a  more  in-depth  study  than  we  have  performed  so  for.  The  key  question  to  be  answered  is  whether 
(1)  the  westalies  are  a  product  of  the  developing  cyclones,  (2)  the  cydones  develop  in  response  to  the 
westaly  bursts,  (3)  both  events  are  gmerated  by  some  other  mechanism,  or  (4)  some  combination  of  all 
diese  things  is  occurring.  It  is  fairly  straightforward  to  make  a  case  for  the  development  of  tropical 
systems  by  the  westerly  wind  bursts,  since  the  area  of  low-level  convergence  between  the  westralies  and 
foe  easterly  trade  winds  would  be  a  prime  location  for  tropical  cydone  formation.  This  area  defines  the 
r^ion  of  ascmding  motion  between  the  zonal  drculation  cells,  with  strong  div^gmce  in  the  uppn  levels 
(Beta,  1991).  Furthomore,  the  deflected  westerlies  will  increase  the  positive  vortidty  in  the  lower  levels 
(Ogura  and  Chin,  1987). 

Some  studies  have  indicated  that  the  initial  westaly  wind  burst  is  forced  by  mid-latitude  cold  surges, 
ufoidi  raise  foe  sea-level  pressure  in  foe  western  Pacific,  resulting  in  a  down-pressure  gradient  acceleration 
foe  wind  to  the  east  (Lim  and  Chang,  1S)81).  Of  course,  if  a  tropical  cyclone  begins  to  develop  near 
foe  eastmn  edge  of  these  westerlies,  the  pressure  drop  assodated  wifo  foe  developing  storm  would  forther 
enhance  and  proltmg  foe  westerly  wind  burst  This  scraario  was  obsoved  by  Chu  and  Frederick  (1990) 
from  fodr  case  study  of  a  May  1982  burst 
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However,  in  the  model  fields,  the  initial  westerlies  often  appear  simultaneously  with  the  initial 
cyclonic  circulation  on  the  easterly  wave,  and  both  features  appear  to  develop  and  strengthen  in  conjuction 
with  one  another.  While  we  have  not  included  model  or  satellite  convective  fields  in  this  study,  it  is  well 
known  that  easterly  waves  are  often  r^ons  of  active  convection.  Thus,  the  development  of  the  westerlies 
may  be  in  response  to  this  near-equatorial  heat  source.  Enhanced  westerly  inflow  could,  in  turn,  contribute 
to  increased  ctmvection,  setting  up  a  cooperative  interaction  that  may  eventually  lead  to  the  development 
of  one  or  more  strong,  organized  tropical  cyclones.  Model  simulations  have  shown  that  as  the  atmosphere 
attempts  to  balance  the  large-scale  drculaticm  to  an  equatorial  heat  source,  an  easterly  inflow  indicative 
of  a  Kelvin  wave  structure  develops  to  the  east  of  the  convection,  with  a  strong  cyclonically  curved 
westnly  inflow  present  to  the  west,  characteristic  of  a  Rossby  wave  (Lau  et  al.,  1989).  The  Rossby  wave 
signature  is  later  evident  as  a  dual-hemisphae  cyclone  couplet  that  propagates  westward,  mudi  as  we  have 
seen  in  the  NOGAPS  model  fields. 

Several  authors  have  shown  a  rdationship  betwem  tropical  cyclone  couplets,  the  appearance  of 
westerly  anomalies  in  the  westetn  Pacific,  and  the  30-to-60  day  oscillation  (Sui  and  Lau,  1^2;  Lau,  et 
al.,  1989).  This  scoiario  involves  a  number  of  multiscale  interactions,  where  super  cloud  clusters  propagate 
from  west  to  east  with  the  intraseaaonal  osdllatioa  (ISO),  while  individual  convective  areas,  such  as 
tropical  cyclones,  propagate  east  to  west  Although  we  have  not  directly  observed  propagation  of  westerly 
winds  fiom  the  Indiw  Ocean  into  &e  Pacific  m  each  case,  there  was  some  indication  of  an  ISO  in 
Novonber,  1991,  when  the  stnmg  WWB  in  the  western  Pacific  was  preceeded  by  strong  westerlies  in  the 
fitdian  Oc^.  Some  of  this  signal  appeals  to  be  lost  owes  the  IndcniMian  land  masses,  where  it  is  known 
that  NOGAPS  and  other  models  have  problems  aocnrately  representing  convection  (Fiorino  et  al.,  1993b). 
We  have  also  dbsoved  the  successive  eastward  developinent  of  a  number  of  tropical  storms  during  late 
1991-1992,  eadi  about  a  month  apart,  vriiich  could  be  the  result  of  enhanced  ccmvection  due  to  eastwardly 
propagating  30-60  day  oscillations. 

Many  ttf  die  efforts  to  idmtify  the  controlling  factors  for  the  quasi-periodic  nature  of  the  El  Nido 
have  focused  cn  the  ocean.  Under  these  scenarios,  changes  in  the  atmosphere  would  be  in  response  to 
dianges  in  the  ocean.  For  example,  the  equatoeward  shift  in  tropical  storm  formation  would  result  as  sea 
smrface  temperatures  increased  in  dw  wesinn  Pacific  Then,  as  the  warmer  ocean  temperatures  propagated 
eastward,  tropical  storm  activity  and  ttte  westerly  wind  bursts  would  also  shift  further  eastward.  While  it 
would  be  interesting  to  investigate  dw  reUtionshqi  between  SST  and  individual  cyclones  more  fully,  we 
must  note  that  sea  surface  temperatures  in  the  westnn  Pacific  are  almost  always  above  the  threshold  for 
tropical  cyclone  development,  and  diat  cyclone  development  is  not  governed  entirely  by  near-surface 
duracteristics.  Thus,  SST  dianges,  in  isol^mi,  cannot  account  for  the  dramatic  shifts  in  tropical  cyclone 
activity.  Upper-atmo^heric  conditions  must  also  play  a  role. 

Li  a  recent  study.  Gray  et  al.  (1992)  {mqxised  that  dianges  in  vertical  wind  shear,  static  stability  and 
horizmital  wind  vmttilatton  assodated  wi^  easterly  anomalies  in  the  stratospheric  Quasi-Bienniel 
Oscillation  (QBO)  ahance  deep  convective  activity  near  the  equaUn  and  supress  such  activity  farther  from 
the  equatm.  This  theory  is  compatible  with  the  shi^  we  have  observed  in  western  Pacific  tropical  cyclone 
activity  preceeding  the  major  warm  events.  Kama  (1990)  noted  a  tendency  for  stronger  30-to-60  day 
oacillations  during  die  easto-ty  phase  of  the  stratosi^eric  QBO,  which  suggests  a  means  of  relating  these 
two  {diaiomaia.  The  onpiried  evidmice  for  a  QBO-related  ENSO  cycle  is  compelling.  The  approximately 
28-moath  ^de  of  the  QBO,  modified  by  the  time  required  to  replenish  the  western  Pacific  warm  pool, 
could  explain  the  quasi-periodic  appearance  of  the  El  Niiio,  perhaps  through  enhanced  30-to-60  day 
oscillations,  resulting  in  stronger,  more  frequmt  near-equatorial  tropical  cyclones  and  associated  westerly 
wind  bursts.  These  features,  in  turn,  gmerate  eastwardly  propagating,  downwelling  Kelvin  waves  and 
anomalous  currents  in  the  tropical  ocean  that  result  in  significant  changes  to  sea  surface  height  and  SST 
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ill  the  central  and  eastern  equatorial  Paciflc.  Thus,  more  studies  on  the  possible  role  of  multiscale 
interactions  in  the  atmosphere  modulating  the  ENSO  cycle  should  bw  encouraged. 

6  SUMMARY 

This  study  used  low-level  wind  fields  from  an  operational  global  data  assimilation  system  to  show 
a  strong  association  between  equatorial  westerly  wind  bursts  in  the  western  Pacific  and  developing  tropical 
cyclones  in  the  same  area.  Because  the  area  of  interest  is  a  data-sparse  region,  and  because  the  spatial 
extent  of  the  westerly  burst  may  cover  only  a  few  degrees  of  latitude,  these  events  may  not  be  detected 
by  the  conventional  observations.  In  this  sense,  model  output  provides  an  important  source  of  additional 
information,  with  the  advantage  that  the  model-depicted  fields  are  spatially  and  temporally  continuous  and 
dynamically  consistent. 

In  most  westerly  events,  the  westerlies  first  appear  as  a  new  cyclonic  circulation  forms  on  an  easterly 
wave  or  in  a  near-equatorial  trough.  In  the  early  stages  of  cyclone  development,  prior  to  the  appearance 
of  an  official  tropical  depression,  the  winds  become  stronger  and  the  zonal  wind  fetch  extends  westward. 
The  drculation  may  also  move  westward  or  northward  during  this  time,  or  it  may  remain  fairly  stationary. 
Whichever  the  case,  the  inflow  region  around  the  southeastern  flank  of  the  cyclone  generally  marks  the 
easternmost  extension  of  the  westerly  winds.  The  peak  of  the  equatorial  westerlies  is  reached  before  the 
cydone  begins  a  significant  move  away  from  the  equator.  As  the  cydone  develops  into  a  tropical  storm 
<x  typhoon,  it  genoally  tracks  initially  to  the  west  or  northwest  (in  the  Northern  Hemisphere).  At  this 
point,  although  the  westerly  wind  speeds  continue  to  increase,  the  movement  of  the  storm  results  in  a 
westward  and  poleward  retreat  of  the  zonal  winds  along  the  equator.  Thus,  the  fetch  is  often  reduced  as 
the  cydone  strengthens,  as  is  the  fordng  on  the  equat(»’ial  ocean.  Eventually,  the  storm  moves  far  enough 
away  from  the  equator  or  far  enough  west  that  westerlies  are  no  long^  present  over  the  equatorial  ocean. 
These  results  suggest  that  the  relationship  between  westm'ly  wind  bursts  and  tropical  cyclone  formation 
is  one  of  coopoative  interaction.  Convection  on  or  near  the  equator  serves  to  intensify  the  westerlies, 
ndiile  the  increased  westerly  wind  speeds  intensify  and  organize  the  convection. 

The  lifetime  of  a  westerly  burst  is  of  the  order  of  1-2  weeks.  It  generally  encompasses  about  10 
degrees  of  latitude  and  25  degrees  of  longitude,  with  peak  zonal  wind  speed  readiing  10  m/s.  The 
strongest  events  may  extend  from  30  to  50  degrees  of  longitude,  with  zonal  wind  qpeeds  approaching  IS 
m/s.  However,  there  is  a  substantial  amount  of  variation  between  individual  events.  Sometimes  new 
tropical  cyclones  form  in  rapid  succession,  producing  clusters  of  bursts  that  result  in  anomalous  westerly 
forcing  on  the  equatorial  ocean  that  can  persist  for  several  weeks. 

Not  all  incidents  of  westerly  equatorial  winds  will  produce  a  significant  response  in  the  ocean.  From 
this  study,  we  determined  that  die  strongest  bursts  are  related  to  in^vidual  tropical  cyclones  developing 
at  very  1^  latitudes  and  to  dual-hemi^here  tropical  cydone  couplets,  whidi  concentrate  the  zonal  winds 
into  a  narrow  band  right  along  die  equator.  All  but  one  of  the  cyclmies  assodated  with  significant 
equatmial  westerlies  developed  into  typhoons  (tropical  cyclones  in  the  Southern  Hmnisphere),  with  many 
of  the  Northern  Hemisphae  storms  even  readiing  sup^yphoon  strength.  Thus,  regardless  of  Ae  particular 
canse/effect  relationship  betwem  tropical  storms  and  westerly  wind  bursts,  the  formation  of  a  tropical 
storm  or  typhocm  near  the  equator  may  be  an  important  ingredient  in  genm-ating  westerly  winds  that  are 
strong  miough  and  last  long  miough  to  force  a  remote  response  in  the  eastern  Padfic  Ocean. 

All  of  the  storms  associated  with  equatorial  westerlies  from  October,  1990  through  January,  1992 
formed  between  15**S  and  15°N  and  east  of  140°E.  However,  the  most  significant  bursts  were  associated 
widi  nordion  hemisphere  storms  that  formed  south  of  10*14  and  east  of  1S0*1E,  tracked  almost  due  west, 
and  ttevdoped  into  tropical  storms  or  typhoons  while  still  south  of  10°N,  usually  accompanied  by  a 
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Southern  Hemisphere  counterpart.  By  comparing  two  decades  of  western  Pacific  tropical  storm  track  data 
to  changes  in  eastern  Pacific  SST,  we  confirmed  previous  studies  that  indicated  a  dramatic  equatorward 
and  eastward  shift  occurs  in  the  area  of  tropical  cyclone  development  during  El  Niilo  years.  Furthermore, 
we  showed  that  the  peaks  of  activity  near  the  equator  and  closer  to  the  dateline  often  preceed  the  increased 
SST  in  the  &r  eastern  Pacific  Ocean. 

A  series  of  westerly  wind  bursts  along  the  equator  in  late  1990  were  associated  with  the  development 
of  Supertypboons  Mike,  Page,  and  Owoi  in  Novonber,  followed  by  the  Russ/Joy  couplet  that  formed 
around  170°E  in  December.  While  strong  westerly  winds  wo'e  present  along  the  equator  in  each  case, 
they  were  confined  more  to  the  western  part  of  the  basin.  Only  the  Deonnber,  1990  burst  was  associated 
widi  a  strong  westerly  wind  stress  at  1^‘*E.  The  El  Nifto  anticipated  during  the  1990-91  winter/spring 
season  failed  to  appear.  On  the  other  hand,  late  1991  into  early  19^  was  highlighted  by  a  sales  of  strong 
equatorial  westalies  associated  with  typhoons  that  formed  successively  further  east  about  one  month 
apart—  Yuri/Sina  near  165°E  in  late  Novemba,  Axel^etsy  near  175^  in  early  January,  and  Ekeka  near 
200°E  in  late  January.  Each  of  these  storms  evolved  from  dual-honisphae  coupled  cyclones  in  flow 
patterns  reminiscent  of  the  classical  Rossby  wave  respcmae  to  an  equatorial  heat  source,  and  given  the  time 
separation  betweoi  the  events,  their  formation  may  be  due,  in  part,  to  convection  enhanced  by  eastwardly 
propagating  intraseasonal  oscillations. 

If  synoptic-scale  atmospheric  events,  such  as  tropical  cyclones  and  westerly  wind  bursts,  play  a  role 
in  the  El  Nifio,  eitha  as  triggering  or  feedbad:  medianisms,  then  it  is  important  to  perform  coupled 
air/ocean  modeling  expaiments  using  an  atmosphoic  model  that  can  simulate  tropical  storm  formation. 
Unfortunately,  for  now,  most  of  these  experiments  will  have  to  be  historical  in  nature,  since  climate  drift 
problems  assodated  with  the  genoal  circulation  models  make  long-term  coupled  forecasting  with  sudi 
complex  models  unlikely  in  the  near  future.  Ekiweva,  it  is  still  informative  to  integrate  an  ocean  model 
forward  in  time  to  preset  the  ocean  respemse  to  a  particular  westaly  wind  event,  with  or  without 
continuous  atmospheric  forcing,  as  reported  by  Kindle  and  Phod>us  (1994). 

Fbture  plans  at  the  Naval  Research  Laboratory  include  performing  a  reanalysis  of  the  atmospheric 
data  from  1985  to  present  using  the  opaational  glr^al  data  assimilation  syston.  This  effort  will  allow  us 
to  capture  anotha  complete  El  Nido/La  Nifia  cycle.  Such  a  dataset  will  be  extronely  useful  for  in-d^th 
studies  of  multiscale  intaactions  in  the  tropics  using  the  full  suite  of  model  output  products,  so  that  some 
of  the  questions  posed  in  this  report  can  be  studied  mote  fully.  Furthomore,  this  dataset  will  provide  the 
ocean  modeling  community  wiA  a  longer  tom,  more  consistent  set  of  marine  winds  for  driving  ocean 
circulation  models. 
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